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Rapid manufacturing has been a goal since the development of rapid 
prototyping in the mid to late 1980’s.  The term refers to using Rapid Prototyping 
techniques, capable of rendering objects directly from CAD files, to produce fully 
functional parts.  Yet, significant barriers to realizing rapid manufacturing still exist 
in terms of the range and capability of materials that can be processed. Selective 
laser sintering (SLS) is an additive fabrication technique regarded as having the 
broadest set of materials.  The SLS process allows parts to be built from a series of 
thin layers of fused powder.  Still, there are only five prototyping materials 
commercially available for SLS.  The powdered materials that have been 
demonstrated include single component polymers and multiple component systems 
where the polymers act as binders adhering particles of an inert material together 
to form porous parts.   
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For many types of composite materials, manufacturing methods have not 
been established that promote their widespread use in finished goods.  Despite 
advantages in material stiffness, strength and abrasion resistance, forming parts 
from particulate reinforced composite materials remains very challenging. 
In this dissertation a new binder for SLS processing is developed along with 
strategies for machining, polymer infiltration and metal infiltration of the porous 
preforms.  Where material properties are established after SLS processing the 
overall process is called, “indirect.” Examined together these processes form a 
fabrication method that improves the material set available for rapid 
manufacturing and also provides a means of forming parts from particulate 
reinforced composites. 
As with many other technologies developed within universities, there is a 
significant work required to transform a technology that is established in a 
laboratory into one that is used in manufacturing practice.  The concurrent 
development of a company and funding from a Texas Technology Development 
and Transfer Grant made the technology transfer an inherent part of this project in 
addition to providing thermoset materials and indirect fabrication methods for SLS.  
Matching funds and significant in-kind donations were provided by Advanced 
Laser Composites, LLC.  An NCIIA E-team grant supported market research and 
also the ultimate creation of the company.  The project served as a test case for 
collaborative research where academic merit and commercial viability were 
pursued simultaneously.  
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Chapter 1 Introduction 
The concept of Rapid Manufacturing has been considered for as long as 
Rapid Prototyping techniques have been explored.  Rapid Prototyping refers to a 
family of fabrication methods where 3D objects are created directly from CAD 
data while Rapid Manufacturing refers to using the same capability to produce 
fully functional finished parts.  The ability to create parts directly from a CAD file 
without part specific tooling and procedures would have a massive impact on the 
way products are produced.  Current Rapid Prototyping methods are limited in 
terms of material properties, speed and reliability.  These technical hurdles indicate 
that pulling completed parts out of some type three dimensional printing machine 
will take many years.  However, with post processing these hurdles may be 
cleared, at least partially, much sooner. 
The current project advances a manufacturing process based on the 
Selective Laser Sintering (SLS) Rapid Prototyping technology coupled with a variety 
of post processing operations. SLS is described in detail in Chapter 3.  In this way 
the shape is still prepared directly from a CAD file, but parts can be made from a 
wider variety of useful materials. More precisely, the current project advances a 
fabrication process that builds parts from combinations of three materials; a base, 
a binder and an infiltrant.  The first two are formed into a porous, three 
dimensional solid directly from a CAD file via SLS.  The base, which can be a 
hard, strong, functional material, is inert during this process while the binder is 
active and serves to maintain the desired part shape. This porous solid is then 
filled with a liquid material that solidifies or crosslinks to create a solid, non-porous 
object.  For certain infiltrants there are also chemical reactions that form other 
desirable materials during the process.  Basically, from the work in this project, 
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parts can be made that are a composite of three different materials, but the key is 
to examine the value of this in terms of more traditional manufacturing methods. 
There are three different perspectives that can be used to establish the merit 
of the current project.  The first is in terms of material science.  For many types of 
particulate-reinforced composites, forming useful parts is difficult and costly.  
Highly functional combinations, such as tungsten carbide reinforced iron easily 
become heterogeneous during melt processing because of the relative densities of 
the two materials.  This type of material is also very difficult to machine, due to the 
inclusion of hard, abrasive particles.  Similar problems are found in particulate 
reinforced polymers.  In the current project the binder material helps to maintain 
homogeneity throughout the fabrication process while also establishing the 
capability to form near-net shapes.  Near-net shapes are those that require limited 
additional machining or other processing to achieve the final, desired part shape.   
The second perspective is that of the SLS industry.  The SLS process is capable of 
making complex shapes directly from CAD files (without tooling), but both the 
function and variety of materials available are both very limited.  Further, almost 
all parts require some amount of post processing to create the desired part 
properties. The current work establishes a new set of materials that may be 
processed in the SLS machine.  With post processing similar to current industry 
practice, the variety and functionality of materials can be expanded significantly.  
The third perspective of interest stems from the challenge of actually getting the 
technology transferred from the university laboratory to commercial product 
development and product manufacturing activities.  The first two perspectives 
establish the technical prowess of the work while this last involves societal impact.  
The transfer of university based technology and the role of engineers in terms of 
technology transfer are also important elements of the current project.  
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Many types of composites have been researched and commercialized and 
indirect methods are prevalent in the SLS industry today.  The current work 
provides a test case for combining the two in a systematic way.  Instead of an ad 
hoc combination for a particular material the current work instead seeks a method 
capable of being used for many different combinations of materials. The project 
was coupled to an effort to commercialize the technology, which is outlined in 
Chapter 2.  This helped to bring a deeper understanding of current SLS industry 
practice and also many key elements of actual manufacturing into the project.  
While no parts were sold during the research, additional development is planned 
to continue outside the university.  
1.1 Silicon Carbide (SiC) and Metal Matrix Composites 
Silicon Carbide is a semiconducting ceramic with a high thermal 
conductivity, a high strength, and a hardness near that of diamond.  Some of the 
many current industrial applications of SiC are listed in Table 1.  However, the 
abrasion resistance, heat resistance and chemical resistance that make SiC a very 
desirable engineering material also makes manufacturing SiC products very 
challenging. SiC can cost $400/in3 ($3450/lb) for pure, monolithic raw material.  
The most prevalent manufacturing methods (with example companies) for SiC 
include; Chemical Vapor Deposition (Rohm and Haas), Chemical Vapor Infiltration 
(Poco Graphite), Sintering (Saint-Gobain) and Hot Pressing (Dynacer).  These 
methods produce finished parts with a variety of material properties and costs.  
CVD requires 50 hours to deposit an inch of material and parts must be machined 
from the resulting stock.  CVI requires porous parts and tends to leave weaker, 
graphite-rich regions in the final material.  Sintering and hot pressing require high-
purity SiC and costly molds and/or significant machining to achieve final part 
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shapes.  All of these methods require very high temperatures (>2000°C) during 
lengthy furnace processes (10-30+hours). 
Table 1  Silicon Carbide Applications 
Ballistic Armor Automotive Ball valve parts 
Furnace Batts Furnace Beams Bearings 
Metal working 
equipment 




Faucet Washers Foundry equipment Heat Exchanger Tubing 
Heat exchangers High Temperature Components Hydrocyclones 
Kiln furniture Kiln Systems Mechanical Seal Faces 
Brakes Posts and Rollers Pulp and Paper 
Semiconductor Thermocouple Tubes/Prices Turbine components 
Valve & Valve Trim Burner Nozzles Wear plates 
 
Powdered SiC is formed directly into a particulate form using the Acheson 
process.  In contrast to bulk material, it is cheap and readily available.  280 grit 
powder, as an example, can be purchased for about $1.20 per pound (Industrial 
Supply Company, aaa-industrialsupply.com, 2004).   This price is significantly 
lower than other prominent engineering ceramics available as powdered materials 
as may be seen in  Table 2 .  High purity or special crystal forms of SiC powder 
tend to have prices similar to that listed for alumina.   Still, the availability, and 
low cost of powdered SiC underlines the interest in using SiC as a reinforcing 
material for Metal Matrix Composites (MMCs).   
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Table 2  Cost Comparison for 30-70µ Powdered Materials  
(from various suppliers, for comparison only) 
Vol. Cost P r ice Density
per  in^3 per  lb. g/cm ^3
Graphite 0.04$        1.00$      1.20
Silicon Carbide 0.14$        1.20$      3.22
Silicon 1.12$        13.36$    2.33
Alumina 1.91$        13.34$    3.97
Zirconia 3.01$        14.14$    5.89
Titanium Carbide 5.15$        28.90$    4.93
Boron Carbide 5.63$        61.82$    2.52
Aluminum Nitride 7.21$        61.25$    3.26
Titanium Diboride 9.31$        57.27$    4.50
Tungsten Carbide 22.45$      39.76$    15.63




Reaction bonded silicon carbide (RBSiC) is a composite that has properties similar 
to monolithic SiC. Silicon infiltration into a carbon and silicon carbide preform 
forms reaction-bonded or siliconized silicon carbide a process common to several 
established and commercial processes. Since Si remains within the material it does 
have a lower strength and maximum use temperature.  It requires lower 
temperatures (1450-1600°C) and short processing times (5minutes - 4 hours) 
relative to the pure SiC fabrication processes.  Other advantages of this “liquid 
phase,” “reactive” sintering include near net-shape capability and the ability to 
make non-porous parts (Clyne, 2001,  Corman, 1997).  Rajesh and Bhagat 
(1999), and Suyama et al. (2003), both claim reaction bonding to be the most 
commercially viable SiC fabrication method.  SiC particulates, fibers and whiskers 
have been used for highly functional MMC’s with Al, Mg, and Ti matrices.  The 
main properties of interest demonstrated from these composites are higher stiffness, 
greater strength, better high-temperature performance and to a lesser extent, 
improved thermal or electrical conductivity.   Mortensen (2001) lists Al, Fe and Ti 
as the most widely used matrices with alumina, SiC, TiC and C (fiber) as the top 
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reinforcing materials.  The same review also indicates that infiltration processes 
are used for 47% of all MMC material formation, with shaping processes being 
divided chiefly among casting, extrusion and machining, which are more difficult 
when working with MMC’s.  Metal matrix composites have found application in 
heat sinks for electronics packaging, brake rotors, engines, friction components 
and other demanding applications.  Finally, with the proper selection of materials, 
infiltration based synthesis of MMC’s can be done without external pressure 
allowing an SLS preform to be used. In this way, the shape of the part would be 
retained during final material formation.  The main challenges of fabricating 
MMC’s are associated with material synthesis and part shaping through molding 
or machining. 
The appeal of silicon carbide and metal matrix composites is clear from the 
properties the materials offer, but the technical challenges of creating products has 
inhibited their use in mainstream engineering practice. 
1.2 SLS Technology  
Hausholder (US Patent #4247508) envisioned a technology where a 3D 
part could be “molded” by building with layers of fused powder.  Later, Deckard, 
in his research at the University of Texas, realized a practical embodiment by 
scanning layers of powdered wax and polymeric materials with an IR laser (US 
Patent#4,863,538).  Shortly thereafter, the concept of processing “a plurality of 
materials” was also patented (US Patent #4,944,817).  In 1992, two years after 
the first of several multiple-materials SLS patents was granted, DTM Corporation 
(now a part of 3D Systems, Inc.) offered the first commercial SLS machine.  Today, 
aside from a few closely related low-volume offerings, the materials available to a 
service bureau manufacturing SLS parts are; nylon-12, Somos elastomer, 
polystyrene casting resin, glass filled nylon and steel powders with binders.  The 
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Somos material is infiltrated with polyurethane, the polystyrene with casting wax 
and the steel powders with molten bronze.  These are “indirect” processes since 
the final material properties are created after the shape of the article is formed in 
the SLS process. Compared to other approaches such as 3 Dimensional Printing, 
Laminated Object Manufacturing, Fused Deposition Modeling and 
Stereolithography, SLS is touted as having a very broad material offering (Pham 
and Wang, 2000, Wohlers, 2004).  In addition SLS has slight advantages in 
speed and part accuracy compared to other RP technologies.  Yet, the industry-
wide desire to produce more functional parts and pursue Rapid Manufacturing 
applications is largely inhibited by the available materials (Hague et al., 2003, 
Pham and Dimov, 2003, Wohlers, 2004). 
Rapid prototyping is in the early stages of becoming a 
manufacturing tool…Limitations in speed, materials and 
accuracy create barriers to the success of RM (Wohlers, 
2004, p.33) 
In terms of metal matrix composites, more specifically, Vaucher et al., 
(2002), state, “a global search in the main databases in the field allows one to 
conclude that at present no European company or academic institution is able to 
process complex near-net shaped MMC’s meeting the… requirements for industrial 
upscaling.” 
University and industry researchers have examined a variety of direct 
polymeric (ABS, PMMA, nano-composite nylon, etc.) and indirect SLS techniques.  
The main body of patents covering materials for the SLS process may be found 
listed in the References and Additional Reading section.  There are several 
examples of indirect methods from previous SLS research projects. Deckard and 
Claar, (1993), described a process for creating SiC/ Al2O3 CMC and SiC/Al 
MMC parts using a Poly-methyl-methyl-methacrylate (PMMA) binder.  The main 
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shortcomings to their process were significant lateral growth in the parts and low 
reinforcement density. A detailed description of the SLS of PMMA-coated SiC was 
described by Nelson, et al., (1995). Their work was used as a benchmark for the 
current study.  Using a similar binder system, Wohlert and Bourell (1996), 
successfully infiltrated Mg into SiC preforms. Their preforms became very weak 
during post processing since the PMMA binder burned out completely.  The 
preform was held together by the formation of SiO2 during a furnace burnout prior 
to infiltration.  In addition, reactions between the Mg and the SiO2 were relatively 
complex and difficult to control.  Each of these examples used binders and 
ultimately entire processes that could not be generalized to a variety of materials.  
The most recent work at the University of Texas at Austin established a basic 
method for forming reaction bonded silicon carbide and provided some technical 
foundation for the current project (Wang, 1999).  Moon et al. (2001), describe an 
alternate rapid prototyping route to RBSiC by infiltrating porous graphite preforms.  
The preforms were made with liquid binder and graphite powder using the ink-jet/ 
powder technology called 3-Dimensional Printing, originally developed at MIT. 
1.3 Previous Indirect SLS Research at UT 
The previous research at UT established an indirect SLS method for making 
RBSiC components (Wang, 1999). A wafer boat from that project is shown in 
Figure 1.   
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Figure 1 Wafer Boat Model From Previous Research (with 6” scale) 
The wafer boat was made in three basic steps.  The first involved the 
formation of a preform part with Selective Laser Sintering (SLS) and using a three-
component binder containing phenolic, wax and nylon.  The second step was 
carbonizing the binder materials under an inert, vacuum atmosphere to make a 
brown part (held together by residual carbon).  The final step was infiltration of 
molten silicon metal into the brown part.  A graphite vacuum furnace at the 
University of Rhode Island was used to infiltrate the preforms. One of the features 
of the process is that silicon reacts with the carbon to create more SiC and also 
creates a fully dense RBSiC composite part.   
The binder formula used for the processing of RBSiC during the previous 
research at UT was a mixture of Nylon-12, Stearamide Wax (a lubricant for 
powder metallurgy processes) and GP-5546 rapid-cure phenolic (a novolac resin 
system) in a 50, 10, 40% mixture respectively.  This formula was an early metal 
powder binder system from DTM Corporation adopted because of the expected 
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retention of mechanical properties by the phenolic throughout the processing 
temperatures for silicon infiltration.  The current project examined a phenolic-only 
binder for greater residual carbon since the nylon and wax both vaporize during 
furnace processing.  Higher intermediate part strength and additional SiC were 
expected. 
1.4  Project Setup and Support 
The project has been supported by a Texas Technology Development and 
Transfer grant.  Advanced Laser Composites, L.L.C., a company formed for the 
purpose of commercializing the technology has supplied matching funds.  The 
goal of actual application has helped bring to the current research a very 
significant study of current industry practice, especially in the SLS industry and 
related intellectual property.  What really makes the current technology special is 
the ability to form parts in the SLS machine that can be post processed into highly 
functional finished parts.  The most important aspect of the entire process is the 
binder which facilitates both SLS processing and all of the post processing 
operations as well. For this reason the binder and the SLS process has been 
studied in greater detail during this project.  Polymer infiltration represents the 
quickest path to commercial parts since no vacuum furnace is required.  This has 
emphasized the examination of commercial applications for polymer infiltrated 
parts during the project.  The high-temperature furnace infiltration, in contrast, has 
been approached in terms of supporting additional academic research while  the 
commercial feasibility of the current process has been analyzed. 
1.5 Thesis 
Indirect Selective Laser Sintering with thermosetting binders is a platform for 
commercially driven rapid manufacturing of polymer and metal matrix composites.   
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This platform is supported by the development of two base ceramics (glass 
and SiC) and includes research of thermoset binder chemistries and several 
infiltrants.  The commercial viability is established via basic economic analysis, 
market application research and analysis of test parts by potential customers.   
The dissertation is divided into three main chapters.  Chapter 2 reviews the 
development of the new company and discusses the issues related to university 
research when coupled with technology transfer activities.  This includes a new 
model of coupled transfer and university research activities including educational 
implications.  Chapter 3 is focused on the development of a new type of binder 
material for the SLS process. In addition the development of the binder has been 
used to establish a more general materials development process.  Chapter 4 
covers the post processing of parts to create more functional materials, including 
machining, polymer infiltration, and metal infiltration.  The final chapter is a review 
of several key elements of rapid manufacturing and the manufacturing process 
formed by connecting the processes examined in Chapter3 and Chapter 4.   
The final chapter is a review of the platform for creating parts from base, 
binder and infiltrant materials.  The second section of the final chapter is a more 
general discussion about rapid manufacturing.  The contributions of this project 
and promising future work are integrated into these sections. 
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Chapter 2 Commercialization and the Education 
of Engineers 
 Technology commercialization predated and influenced the research. The 
efforts to transfer the technology from the university laboratory to the commercial 
sector also provide a test case for sponsored research and engineering education. 
The roots of the discussion stem from a long-running debate about the role of 
universities in terms of supporting profitable enterprise.  On one side of the 
argument, “to commercialize a university is to engage in practices widely 
regarded in the academy as suspect, if not downright disreputable (Bok, 2003, 
p.18).”  On the other is a realization that the missions of the university are not 
necessarily at odds with reaping financial benefit from the transfer of knowledge 
and technology to society at large.  While the following discussion tends toward 
the latter, it is not intended to be a comprehensive treatment university 
commercialization. Instead some of the main issues raised within the current 
project are discussed while a more comprehensive treatment is left to future work.   
2.1 An Example of Technology Commercialization 
The commercialization analyses performed in graduate courses, for 
competitions and in support of the development of a new company all preceded 
the research effort for this project. Further, the commercialization process, 
including a license agreement, was connected to the support of additional 
research. It is typical for the commercial potential of a technology to be assessed 
well after research has begun if not after it has been completed altogether.  In this 
research, graduate students have been heavily involved in all stages of the 
commercialization analysis and in the actual entrepreneurial effort to form a 
company and license the technology from the University of Texas.  This allowed 
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the research effort and ultimately the technology to be evolved into an area of 
greater potential impact, instead of just trying to determine the best fit at the 
conclusion of the research. 
In November of 2000 a patent was filed to cover the knowledge created 
during previous research.  The following year, a $200,000 Texas Technology 
Development and Transfer (TDT) grant was awarded to the University of Texas in 
support of previous work to make semiconductor manufacturing fixtures using the 
SLS process, and furnace infiltration. More information about the funding source 
for the transfer grant program may be found on the internet at (www.arpatp.org).  
This grant required matching funding and in-kind support from a company 
interested in commercializing the technology.  At the beginning of 2003, the initial 
company slated to provide this support was unable to participate.  Dr. David 
Bourell, the lead researcher on the project was interested in having a 
commercialization analysis prepared in hopes of attracting another company 
interested in supporting the research (and allowing the grant funds to be used).  
Initially this was done by students participating in cross-disciplinary graduate 
courses during the Spring semester of 2003.  A new application in metal casting 
dies was discovered and analyzed by those students.  The in-class analysis was 
leveraged with significant additional work by the author and Donnie Vanelli 
(another engineering graduate student) for the Idea to Product competition in April 
of 2003.  During that competition an entrepreneur-in-residence for the University of 
Texas, Bruce Thornton, expressed interest in the commercial potential of the 
technology and especially the application and market identified.  More 
information about the entrepreneur-in-residence program may be found at 
(http://www.engr.utexas.edu/cofe/eir.cfm).  During the second quarter of 2003, 
Mr. Thornton lead a team consisting of angel investors, the author and Mr. Vanelli 
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to start a new company, called Advanced Laser Composites.  This new company 
was able to negotiate the first royalty-free, equity-only license with the University of 
Texas, become the supporting company for the TDT grant and help guide the 
research.  A sponsored research agreement covering the work funded by the TDT 
and visiting scientist agreements for Mr. Vanelli and the author were also 
established. Research began in September of 2003. 
An NCIIA E-team grant was awarded to the effort during the summer of 
2003.  The author and Donnie Vanelli prepared a business plan with the 
assistance of Chris Schaefer, an undergraduate engineering student, for the 
University of North Texas, Shirley Murphy Center Business Plan Competition which 
was held in November.  The writeup of the plan is not included while, the 
presentation is in Appendix 5. They took first place with an all engineering team.  
Mr. Vanelli and the author also competed in the first International Idea to Product 
Competition (http://www.ideatoproduct.org), taking second place.  That 
presentation may be found inAppendix 4.  During the first two quarters of 2004, 
research continued while a second company was created to pursue broad 
materials development opportunities for the SLS industry.  The analysis of the 
market and connections created in support of ALC allowed the broader materials 
development opportunities within the SLS industry to be seen.  This second 
company was able to hire two employees and establish office space in Belton, 
Texas.    These two companies were merged during the Fall of 2004 into 
Advanced Laser Materials, L.L.C.  Commercial application of high-temperature 
infiltrated parts will require further research and development.  Nearer term SLS 
materials products and new research grants are expected to support this additional 
work and several other technical avenues identified during the current research 
project. 
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An intriguing conclusion to the current project is that university research has 
resulted in the creation of jobs and an organization capable of generating greater 
societal impact.  Further, students provided leadership.  It also provides an 
example indicating that technology transfer coupled with research addresses 
several critical problems within the university and in terms of the education of 
engineers. 
2.2 Commercialization of University Technology 
Technology-based industry grows primarily in clusters where universities, 
communities and culture provide an appropriate environment.  Examples of these 
regions include Silicon Valley, the Route 128 corridor, Raleigh-Durham and Austin.  
The role of the university in these value creating regions is enormous.  29 of the 
top 30 technology industry clusters in the country feature a large research 
university.  More telling is that nearly half of the annual income in the Silicon 
Valley economy can be attributed to Stanford University faculty and graduates.  
This massive impact in Silicon Valley and elsewhere is the result of technology 
transfer. Dollars are an easy measure of the effect of technology transfer, but this 
process is not strictly related to business development, and not limited to those 
filling the traditional guise of ‘entrepreneur’ -  it is very simply the creative synthesis 
involved in transforming ideas and knowledge to usable goods and services. 
The three missions of the University of Texas are research (the creation of 
new knowledge), education (creating new knowledge creators), and public service 
(applying knowledge and knowledge creators to societal needs).  The functions of 
the university may be simplistically represented in terms of inputs, transformations 
and outputs, as shown in Figure 2. 
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Figure 2 University Functional Diagram 
Faculty expertise and effort, the work of students and facilities all participate in the 
research mission of the university.  This obviously creates new knowledge and 
hopefully, coupled with course work, educated students.  These students must be 
transformed into active employees, educators and entrepreneurs for value to be 
realized within the public.  The new knowledge that is transferred to the public can 
also play a role in educating those outside of the university which is a portion of 
public service.  This transfer of knowledge is not useful without a certain amount of 
transformation as well.  As an example, knowledge that cola inhibits plant growth 
could be transformed into a discussion about the merits of pouring cola on certain 
types of weeds and published in an appropriate place.  Only then could it be 
applied to the creation of societal value. 
Intellectual property, protected rather than disseminated information, is 
similar.  It does not inherently fulfill the missions of the university, though students 
may have been educated in the course of creating it.  Instead, another 
organization must be enlisted to actually engage societal needs, symbolized by 
the question mark in the lower right corner of Figure 2. On the side of the 
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commercial organization (a new or established company) has the capacity for and 
purpose of commercial enterprise – societal impact (in the form of jobs, more 
efficient processes, the creation of value, and the transfer of licensing monies back 
to the university).  The traditional bridge for this gap is a license agreement 
permitting the company to leverage the IP for, among other things, assailing the 
marketplace.  The university participates in this activity (for its direct benefit) in the 
form of a combination of equity in the company, royalties tied to the companies 
operations and one-time licensing fees from the company.  The purpose of this is to 
support additional commercialization from the university, reward inventors and 
reinvest in new research activities.  Before this license can be struck each side 
needs something from the other.  Naturally, the company must understand the 
potential value of the IP to its operations.  The university must recognize the 
capability of the company to risk the potential future value of the IP in the 
company’s charge.  The challenge for the university is to prepare a preliminary 
assessment of the technology that will allow potential licensees to recognize its 
potential.  This process traditionally favors deals with larger companies and 
incremental technical advances. The potential of incremental technology is more 
easily understood and a large established company has domain expertise and 
infrastructure for creating products, supporting additional research and funding a 
license agreement which is also easily understood.  With more disruptive or 
entirely new technologies the risks to potential licensees are initially greater and 
the potential benefits are farther into the future, though they are also larger. This 
pertains to a significant portion of the technology the universities have ripe for 
transfer: technology that is not just an incremental advance, technology that does 
not have a clear market, technology that is not tied to an existing application.   
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Transfer of this type of technology requires new companies that can 
innovate rapidly, change direction rapidly and focus on evolving the technology 
for a high-value application.  Smaller companies or those formed specifically 
around particular technologies present greater risks to the university in terms of 
longevity and profit potential. The more novel the technology the more difficult it is 
for potential licensees to see potential applications (and actual value). It is also 
challenging for the university to understand the capability of early stage licensees, 
creating a problem for both sides (Vanelli, 2004).  For a new company to 
establish funding the potential of the technology and the opportunity for licensing 
must be understood; for the university to negotiate a license deal there must be 
capable company.  In the current project the license agreement was supported 
from both sides by leveraging existing university assets, including students.  In 
particular it was student teams in courses and in preparation for the Idea to 
Product Competition that established the statement of value for the technology.  The 
relationship between university technology, student analysis and the support of a 
license agreement which was outlined in Section 2.1 is shown in general form in 
Figure 3, below.   
 
Figure 3 Technology Transfer with UT Resources (adapted from Vanelli, 2004) 
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Yet, this diagram of the people and organizations involved does not tell the 
complete story.  Since many technologies do not have immediate commercial 
value, there is additional development that must be done.  The same challenges 
that exist in terms of characterizing the potential of new technologies also exists in 
terms of understanding the additional research necessary to develop the 
technology into a form directly supporting goods and services.  The actual status of 
the technology is difficult to determine.  As an example, it was assumed that the 
siliconized silicon carbide technology patented after previous research was 
developed to the point where parts could be made reliably.  Instead, challenges 
with the binder and infiltration process are still significant.  Details of these 
challenges are discussed in the following chapters.  The developmental risk in 
terms of the maturity and reliability of the technology must be considered in 
addition to risk associated with potential matches of the technology to 
applications.  The development status of the technology may be a proof of 
concept, alpha-stage product test or simply implied by closely related work.  In any 
case there is a technical gap between the status of the technology within the 
university and that which will actually allow the production of viable goods and 
services.  This technology risk decreases the potential investment of new 
companies and is amplified by the lack of research infrastructure new companies 
have to advance technology.   
In the current project this was addressed via sponsored research and a TDT 
grant.  By examining the role of this sponsored research another perspective of 
commercialization may be seen.  In Figure 4, below the sponsored research is 
depicted as another complimentary vehicle for transferring and transforming the 
technology from the university to the commercial sector.  Essentially the license 
agreement sets forth transference of rights to the company and appropriate 
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monetary benefits back to the university.  The sponsored research adds a means of 
transferring the technical expertise and also converting knowledge into capability.  
In the end, the level of development required to facilitate a patent application and 
the level required for actual goods and services are fundamentally different.  In 
addition, the patent itself does not contain the expertise of the researcher. 
 
Figure 4  The Technical Gap 
This additional risk of the technical gap could be assuaged prior to actual 
technology transfer with a greater understanding of the development status of the 
technology coupled with an understanding of its potential applications.  
Understanding the potential of a technology in a particular application requires a 
reasonable understanding of the technology, the application and the key questions 
about the effect of the technology on the market containing that application.  The 
depth of understanding needed in terms of potential applications and mapping the 
effect of a new technology into those applications is greater than that required of 
the technology itself.  On the other hand, assessing the actual status of the 
technology is far more heavily dependent upon domain expertise.  Researchers 
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reaching culture of commercialization which is beyond the scope of present 
discussion. 
It is important to consider the objectives of a new company in terms of 
sponsored research and the technical gap.  Realizing a return on investment is a 
harsh taskmaster.  The principles of a new company are interested in rapid, 
focused targeting of products and services that generate cash.  Setting up and 
operating a company costs money and even if expenditures are kept to a bare 
minimum, the time value of money with respect to other investment opportunities is 
still keeping the pressure on.  This has been amplified during the project by the 
need for the company to provide matching funds.  The push to get some type of 
product to market quickly is different from the goals of research within a university 
which include education and establishing the potential for further research.  On 
one hand the goal is to establish an academically viable understanding.  On the 
other the goal is the most rapid creation of a commercially viable product.  
Sponsored research coupled with commercialization certainly supports education 
and also technology transfer, but not without conflicts of interest. In the following 
section this conflict is addressed in terms of student involvement in the current 
project. 
2.3 Technology Transfer and Engineering Education 
An engineer’s expertise spans scientific knowledge, a capacity for the 
identification and analysis of problems, and the ability to synthesize solutions to 
those problems. There is a common element to various codes of ethics for 
engineers and engineer’s creed (from the American Society of Professional 
Engineers) it is possible to add a context for this expertise.  It is one of placing the 
public welfare above all other concerns.  One way of interpreting the role of 
engineers is in terms of taking technology and using it to solve relevant societal 
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problems; engineers are then agents of technology transfer.  They operate at the 
intersection of four primary concerns, as seen in Figure 5. 
 
 
Figure 5 The Role of Engineering (adapted from Nichols, 2004) 
The education of engineers, then, should address each of these four areas.  
Each university creates its own objectives and guidelines for the education of 
engineers (albeit often reinterpreting ABET accreditation).  The mechanical 
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ME EDUCATIONAL OBJECTIVES  
The Mechanical Engineering Department at the University of Texas at Austin is 
dedicated to graduating mechanical engineers who:  
1. Practice mechanical engineering in the general stems of thermal/fluid 
systems, mechanical systems and design, and materials and manufacturing 
in industry and government settings.  
2. Are prepared for advanced education, research and development, and 
other creative efforts in science and technology.  
3. Conduct themselves in a responsible, professional, and ethical manner.  
4. Participate as leaders in activities that support service to and economic 
development of the region, state, and nation. 
 
Bypassing questions about the definitions of “practice” in objective 1 and “other 
efforts” in objective 2, it is objective 4 from the list above that is the most intriguing 
for the present discussion.  It is this objective that clearly addresses cultivating the 
element of engaging societal need in engineering education.  Preparing engineers 
to be leaders in service and economic development takes this takes it an 
appropriate step further.  Graduate students conduct research (analysis) based 
upon their scientific knowledge and propose new experiments and solutions 
(synthesis).  Three of the four regions from Figure 5 are inherently part of the 
process, but the fourth is not.  At the undergraduate level, there is clearly a greater 
burden in establishing an appropriate level of scientific understanding (including 
supporting continuing education).  Still there is analysis, and in terms of the 
capstone design course, there is certainly synthesis and even a regard for service 
and economic development, though in the form of existing customer needs.  There 
is a critical element of engineering that involves realizing, assessing and 
addressing societal need. Finally from the above list, there is also some dedication 
among educators to create engineers as leaders in terms of that engagement. 
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Commercialization, strictly defined, is the selling of work for a profit (Bok, 
2003, p.6).  Technology transfer is variously defined as going from lab to market, 
transforming idea to impact and building a union between a technology and a 
societal need.  This last one is most appropriate here.  The work of engineers and 
especially those who are leaders in service and economic development should be 
an embodiment of engaging societal need with technology. The current project, as 
outlined in Section 2.1, provides a test case for coursework, competitions and 
other technology transfer activities in terms of the effect on the education of 
engineering graduate students.  For the sake of discussion, these may be 
organized into four levels.  These levels are organized around key activities and 
student’s responsibilities in the actual commercialization of the technology.  At one 
level, students analyze the commercialization potential of technologies and even 
prepare hypothetical business plans for its deployment.  On another, graduate 
students are co-founders of angel-backed companies and participate as officers 
and board members.  These levels and their main issues are briefly discussed 
below. 
2.3.1  Level 1: Analysis of Technology Potential  
 Figure 3, above, illustrates that coursework and entries into competitions 
served as a vehicle for creating a “statement of value.”  One realization of this is 
called a “quicklook analysis” which is a document that contains a discussion of the 
main features of a particular technology and those of a particular needy market.  
The list below is a brief outline of the main features of a Quicklook document. 
1. Technology Description 
2. Potential Applications 
3. Development Status of Technology 
4. IP Status of Technology 
5. Competing Technologies and Competitors 
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6. Potential Markets 
7. Barriers to Market Entry 
8. Recommendations 
 
More importantly, this document also contains a creative matching of the 
technology with a promising market and an assessment of the effect of this match.  
The quicklook provides an answer to whether the commercialization of a 
technology should be pursued further.  The Idea to Product Competition features 
student teams presenting what is essentially a quicklook analysis. 
Level 1 addresses both the need at the university to assess the commercial 
potential of its technology (and create a “statement of value”) and the need for 
engineering students to cultivate an ability to engage societal needs with the 
development of new technology.  There are courses and competitions that support 
this level of student involvement in the transfer of university technology.  Still, 
additional courses especially at the undergraduate level could support this idea 
further.  More widespread student involvement would better address the need for 
universities to understand the potential value of the technology and for engineers to 
become leaders in the application of technology for the benefit of society at large. 
2.3.2  Level 2:  Assessment of the Technology Development Status 
With clear hindsight, a more complete assessment of the status of the 
previous SiC technology would have been very beneficial to the current research.  
Instead, the amount of work that remained in order to realize a robust metal matrix 
composite forming technology was not well understood. The patent application 
and dissertation prepared from the previous work were examined in conjunction 
with various discussions with the inventing professors. Yet, the actual development 
status of the technology was not understood.  On the side of the company it was 
expected that silicon carbide composite parts could be reliably built (once a 
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furnace was installed).  However, significant work still remained to establish that 
capability.  At the close of the research, there is still not a transferable 
manufacturing process capable of producing commercial parts.  As will be 
discussed in subsequent chapters this is in part due to; 1) the realization that other 
materials present a much larger opportunity (both academically and 
commercially), and 2) to the discovery of additional technical challenges.  Still one 
of the key outcomes of the current project is a clear and comprehensive 
understanding of the work necessary to realize a commercially viable 
manufacturing method. 
Considering again more disruptive technologies, Level 2 can be a greater 
challenge than establishing a valuable market match.  While a new software 
technology may only require testing in a commercial beta test,   a manufacturing 
technology might also require appropriate application in a value chain, high 
reliability and a reduction to practice.  The activities contained in Level 1 are 
clearly within the missions of the university and within the educational objectives 
for engineers.  It is a well defined process.  Establishing the developmental status 
of a technology, in contrast, requires substantial technical understanding, and 
likely the participation of the researchers.  Further, the technical and commercial 
domain expertise for software is different from biological sciences which are 
different from manufacturing technologies.  While programs can be created to 
assist in this process, Level 2 requires a more fundamental, cultural change in 
terms of what researchers (including graduate students) do and the breadth of 
knowledge they create.  Although the process can be more clearly defined it is 
unlikely that competitions can be created in support of it.   
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2.3.3  Level 3: Coupled Research and Commercialization 
Another aspect of this project was that additional university research was 
pursued in conjunction with commercialization activities.  Research money came 
from a new company and from a technology transfer grant for the purpose of 
building upon the proof of concept established in previous work.  The research 
was guided toward greater potential impact and at the same time toward a more 
commercial status.  In terms of the research there were conflicting perspectives, 
which can be illustrated by the different questions that were asked regarding the 
work done on a new binder formula (and discussed in Chapter 3).  The question 
from the company was, “Why are we examining a new binder formula when there 
was one already prepared during previous research?”  Within the university the 
question was, “Why aren’t we looking at a wider variety of binder materials and 
trying to establish a more general understanding of binders?”  
While levels 1 and 2 above are focused on the creation of new 
understanding about an existing technology, Level 3 covers the process of making 
the technology more commercially viable.  Guidelines of what research is or 
should be regarded as coupled with commercialization activities is left to 
subsequent work along with defining the appropriate roles of the university, 
students and commercializing entity.  The merits of involving students in the 
previous levels are fairly clear, as is the relationship of the activities with regard to 
the missions of the university and to the education of engineers.  At this third level 
some form of advising or participation in the management of the research seems 
possible for students.  Level 3, can be defined as having students involved as 
researchers who are also involved in assessing the application, technology status 
and ultimately the evolution of the research itself.  Ironing this out in practice is 
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more challenging than for Level 1 or Level 2 and is ultimately also beyond the 
scope of this document.   
The experience of the author and Mr. Vanelli was heavily influenced by the 
commercialization effort. Their roles were unusual because they were involved in 
the leadership of the commercial venture, which is discussed in the following 
section.  They were also exposed to technology transfer issues in coursework.  This 
allowed the author, especially, to be involved in the evolution of the research as 
outlined above. In contrast, three other graduate students who worked with the 
project were influenced very little.  In other words they were primarily traditional 
researchers even though the funding came partly from a commercializing entity.  
Similar to Level 2, there is great opportunity for developing the role of students in 
sponsored research. What is clear is that with the background of existing 
coursework and by leveraging existing programs at the university it is possible for 
graduate students to have a significant and positive role in the commercialization 
of technology.  For these students, there is not only education about technology, 
technical development, and the assessment of value, but also about the work 
required to actually create value from it.  In addition, there can be great insight 
created in terms of the actual form and level of development of the technology 
required to support the creation of value. Thinking in this way, real world 
examples can be coupled with academic education.  Real value has been created 
during this project, but not without conflicts between educational and commercial 
goals.  There seem to be some interesting educational opportunities that could be 
developed.  Yet, as Bok suggests, “a university must have a clear sense of the 
values needed to pursue its goals with a high degree of quality and integrity (Bok, 
2003, p.6), “ to keep commercialization within reasonable bounds.  Based on this 
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set of values the appropriate student roles and the support structure for those roles 
should be considered. 
2.3.4  Level 4: Student Lead Entrepreneurship 
The author and Mr. Vanelli were involved with the creation of two startup 
companies, held board seats and served as officers.  These activities were pursued 
in addition to research and preparation for Ph.D. degrees.  The conflicts of 
interest, of expectations and of appropriate time commitment are relatively straight 
forward.  The angel investors on the side of the companies put forth a good effort 
to engage and work with the university.  The professors were similarly open to 
supporting this project.  Still, the actual value to the company of association with 
the university including education, technical development and future grant 
proposals was difficult to characterize in terms of the issues facing a startup 
company – namely rapid deployment of cash creating operations.  For 
engineering students involved in the creation of a new venture, what is the 
academic value of their involvement?  There could be some criteria established for 
offering some type of credit to student entrepreneurs, but startup companies will 
obviously operate in their best interest. With only the present project as an 
example, it is difficult to make far-reaching statements about startup companies 
engaged in sponsored research.  What is clear is that conflicts of priorities 
between the two types of organizations will persist and this provides some 
guidance for student involvement in new ventures.  It is simply a matter of 
managing (and avoiding) the situations where the needs of the company and the 
tasks required to complete a degree are at odds.  The student involvement and 
responsibility in a new venture can be set at a level where ample progress toward 
the degree is still feasible, or the degree program can be suspended in favor of 
taking a greater role in the company.  If student researcher involvement in new 
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ventures becomes more commonplace, some type of student advocacy program 
will probably need to be established.  This could help negotiate appropriate roles 
for students in new ventures while helping them maintain progress toward their 
degree.  This program could also help seasoned entrepreneurs establish 
appropriate expectations of university research, and of student researchers.  In this 
project two different solutions to the conflict were pursued.  Mr. Vanelli chose to 
put his research (on technology commercialization) on hold to become president of 
the second company, which was started in January of 2004.  The author resigned 
his position as president of the first company in November of 2004 to pursue the 
completion of his dissertation.  At the request of the board of the merged company 
he also sold a majority of his ownership stake thereafter. 
2.4 Toward a Culture of Technology Transfer 
There is more to realizing societal benefit from technology (an arbitrary unit 
of scientific knowledge) than simply creating and defining it.  It is within the 
mission of the university to have some involvement in actually transferring 
technology to entities capable of addressing societal needs.  The value of being 
involved extends to the experience of students in technical fields as their careers 
will involve some level of technology transfer in the form of technical papers, 
products and services and even research grant proposals.  In the case of 
engineers, societal engagement is inherently part of what defines their field, even 
though some of those who were educated as engineers choose to take on more of 
the traditional role of a scientist. 
The current project has addressed a variety of issues in terms of technology 
commercialization and in particular student involvement in that process.  It not only 
validated the current programming in graduate coursework and the I2P 
competition, but also sheds light on many remaining challenges.  The evolution of 
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technology commercialization will see developments in a variety of areas 
simultaneously.  These areas can be organized into a hierarchy which is used to 
organize the following discussion of future work.  The underlying philosophy or set 
of principles is the most fundamental.  Then appropriate university infrastructure 
can be addressed in terms of those principles.  Finally, the student role in and 
educational merit of commercializing university technology can be put into 
appropriate context.   
2.4.1  The Principles of University Technology Transfer 
To keep profit-seeking within reasonable bounds, a university 
must have a clear sense of the values needed to pursue its 
goals with a high degree of quality and integrity. – Bok, 
2003, p.6 
The lingering question about determining the development status of a 
technology leads to others.  When is university research over and when does 
commercial research begin? What role should universities play?  What knowledge 
should be protected for generating financial benefit and what should be 
disseminated for societal benefit?  To what degree should researchers consider 
applications?  How much should commercialization be considered during research 
and within university laboratories? How can better information about the 
developmental status of a technology be created?  What things should the 
university do (that may be outside its direct charge or explicit mission) to facilitate 
the next steps in technology transfer?  Commercialization has generated significant 
and well publicized financial benefits for universities in recent years.  This has 
been a source of additional income for faculty researchers and for perennially 
cash-starved higher education institutions.  It is important to place 
commercialization in proper scale.  Large research universities have licensing 
 32    
revenues of perhaps several million dollars per year while their annual operating 
budget may exceed one billion.  Still, the compromise of academic ideals 
(including pedagogical influences) associated with this, if any, is difficult to define.   
Going forward there is significant work to be done to clarify an appropriate 
influence of commercial interests in academic research.  This will be a case of not 
only setting general guidelines, but also one of universities maintaining an 
appropriate balance of academic ideals in their portfolio of technical inquiry.  In 
other words, some research projects will appropriately be highly commercially 
oriented.  At the same time the academy should retain significant research activity 
that is unencumbered by the constraints of immediate or foreseeable societal 
impact.  Historically and paradoxically there have been immense longer-term 
social benefits that, “depended on a vigorous program of basic research that only 
universities could provide (Bok, 2003, p.59).” 
2.4.2  University Infrastructure 
While the underlying principles will need to be ironed out, universities will 
continue to commercialize technologies developed within their walls.  And, that 
process should be made as effective as possible for the interests of the university 
licensing and for the licensees as well.   Some of the challenges faced during this 
project highlight opportunities for further development of programs spanning 
university offices, programs and procedures with regard to the transfer of 
technology. There is potential not only in the facilitation of transfer, but also in 
greater support of the commercial success (scope of societal impact) of the 
technology.   
The license agreement was achieved in principle in only two weeks, but 
actual execution of a license agreement took over 4 months largely due to unclear 
legal issues regarding the previous research.  Negotiating with the Office of 
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Technology Commercialization (for the license) and the Office of Sponsored 
Projects (to participate in this research project) was an additional challenge.  The 
management of the research was carried out mostly within the university.  But, with 
the university taking an equity position in the company and with the inventors 
sharing in any funds coming into the university, there was an interest in including 
the company in the progress of the research.  In other words, the research was still 
mostly controlled within the university and therefore in accord with its missions.  
The formation of the company, license agreement and ultimate execution of 
new research would not have occurred without the source of additional funds.  The 
grant money helped to offset the uncertainty of university research. While it would 
have been costly to carry out research entirely outside the university, the prospect 
of overhead charges and not having well defined control over the research and its 
timing did not make the university a viable option either.  In addition the university 
role in sponsored research was not adequately specified.  It was difficult to predict 
the involvement of professors prior to the research project.  There were no set 
deliverables, timelines or clear responsibilities established prior to the beginning of 
the research.  The expectations of student researchers were also not specified.  
Finally the role of the company in participating in the guidance of the research 
was not set forth.  All parties acted in good faith, but without a clear a priori 
match of company expectations with appropriate deliverables of university 
research. This led to a persistent perception of lacking progress and performance 
within the company. 
 This project would also probably not have occurred if the difficulties (and 
associated costs) that were encountered in establishing a license agreement and a 
sponsored research agreement had been known in advance.  Each document 
required a separate negotiation with a separate office within the university.  In 
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each case it was very difficult to make changes to the standard boiler-plate 
versions of the documents without requiring a time consuming review process by 
UT System legal counsel.  These documents were created to protect the interests of 
the university and did not seem to contain a means of facilitating licensing deals, 
promoting collaborative research efforts or helping extend the impact of university 
technology. 
Aside from establishing appropriate practices within the university, the 
problem is one of education.  It is about educating those within the academy about 
the academically appropriate aspects of commercialization, the evolving 
infrastructure supporting it, and finally the potential of including commercialization 
in the educational experiences of university students.  Faculty members will choose 
their own commitment to technology transfer, but should consider what is 
appropriate and should also know who to call with questions. 
2.4.3  Engineering Education 
One of the most compelling elements of the Enterprise of Technology course 
(ME 397, Management 385, etc.) briefly described above is that it features real 
technology transfer analysis.  For the university, real assessment of commercial 
potential is invaluable to determining which technologies should be promoted and 
which should only inhabit university file cabinets.  Incorporating students into 
technology transfer serves to promote a vital element in the activities of a research 
university.  It leverages its own assets for the creation of societal impact from its 
technology. 
Again the prospects for going forward may be illustrated by several 
questions that remain unanswered.  Chief among these is; what is the appropriate 
incorporation of issues pertaining to societal engagement within engineering 
education?  When should this be done and with what programs or revisions to the 
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existing curriculum? Along with the question about where university technology 
ends is a similar question about where student inquiry ends.  But, what should 
engineering students, who may later assume roles as different as basic research 
and the management of investments, regard as a part of their education?  More 
analysis of the potential impact of technology and more integration of that analysis 
into the expectation of engineering students seems valuable.  Some of the answers 
to questions about education and student involvement will rely on the development 
of the “sense of values” suggested by Bok and on the infrastructure developed at 
the university level.  Included in this will be the development of expectations on 
students to provide a better assessment of technology status.  There may also be 
greater potential for collaboration between colleges integrating legal and 
traditional business perspectives into technical research. 
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Chapter 3 Thermoset Binders 
 
Figure 6 Subject of Chapter 3 
In this chapter the issues related to the formation of a green part (or 
preform) using the SLS process are discussed.  In particular, this involves getting a 
binder to adhere base material particles together into a desired shape. What is 
perhaps the most critical element of the indirect SLS manufacturing platform 
introduced in Chapter 1 is the binder.  Although thermoset polymers have been 
used as components of binder systems little SLS research has been done to date on 
the behavior of thermosets in the SLS machine.  The high adhesion, strength and 
temperature resistance generally associated with this type of polymer makes a 
compelling case for a new class of SLS binders.  There is an additional advantage 
of some thermoset polymers in terms of their decomposition which is reviewed in 
Chapter 4.  In this chapter, the main characteristics of the SLS process are 
reviewed. This is supported by a review of the heat transfer associated with laser 
scanning, curing characteristics of thermosets (especially phenolic) and also an 
examination of the behavior of powdered materials.  This technical background 
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and Results sections of the chapter.  During the course of the SLS research there 
was significant work completed to examine the state of the art for the industry.  
This included a review of the materials patents covering previous SLS materials, 
interaction with industry leaders in SLS machine operation and concurrent 
involvement with thermoplastic SLS materials development work at Advanced Laser 
Materials.  This contextual effort is reflected in the SLS process background, the 
analysis and discussion section of the chapter.      
An additional goal of the work with thermoset binders is to prepare a 
systematic method for assessing the SLS processing potential of powdered 
materials in general.  By combining the main technical issues related to SLS 
processing with the results of the research such a method has been assembled in 
an initial form and is presented at the end of the chapter.   
There are two hypotheses addressed in this chapter: 
1) Thermosetting polymers can be used as effective binders for SLS 
processing and can be crosslinked under the laser, representing a significant 
advantage over the use of thermoplastic resins that simply solidify. 
2) By combining the basic principles of powder mechanics, SLS heat 
transfer, and polymer rheology, a systematic material screening method can be 
prepared for assessing new SLS materials. 
3.1 Background 
3.1.1  The Selective Laser Sintering Process 
Although modifications to the machine itself would be advantageous, the 
current project leverages the standard SLS process to prepare parts using 
thermosetting polymers.  Recommended machine modifications will be discussed in 
the discussion section at the end of this chapter. The basic physical elements of the 
 38    
SLS machine include; two “feed beds” where the supply of powder is held, a “part 
bed” where the parts are actually made, a roller for spreading the powder from 
the feed beds across the part bed and a laser which is scanned across the surface 
of the powder.  There is also a chamber enclosing the powder bed which can be 
purged with nitrogen.  Figure 7 is a cross sectional diagram of the SLS machine.  
The build process begins with a first thin layer of powder being spread across the 
build chamber.  A portion of the powder is fused by scanning the beam of a CO2 
laser (10,600 nanometer wavelength) on selected regions of the powder.  The 
beam is scanned by the movement of two mirrors.  These regions are the first cross-
section of the part, or parts, to be built.  The powder within the build chamber is 
then lowered by the thickness of the next part layer.   The feed chamber is raised 
to deliver an appropriate amount of powder which is then spread by the roller 
across the build chamber.  A second cross-section of the part is fused together in 
this second powder layer and also fused to the initial layer.  The remaining cross-
sections of the part are built in this fashion until the entire part has been created 
from layers of powder.  More information on this process including diagrams and 
video may be found at the 3D Systems company website. 
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Figure 7 The SLS Machine (www.padtinc.com) 
 Modeling the process of fusing powder with a scanned laser is immensely 
complicated as it involves several different coupled physical processes.  These 
include, laser/ powder interaction, very rapid heat transfer, rheology, adhesion 
and powder mechanics.   Fortunately several simplified models exist.  Kolossov et 
al., 2004, advanced a model for laser sintering based on continuous media theory 
where a “sintering potential,” φ(x,t) can have values from 0, relating to loose 
powder and can tend to 1, which corresponds to fully sintered, 100% dense 
material. As seen in Equation (1), the sintering rate, ζ(T), is defined as a ratio of 









The sintering potential is modeled as an asymptotic exponential as seen in 
Equation (2).  Simple cases such as sintering at a constant temperature are easily 
evaluated, yet integrating changing surface tensions and viscosities, especially 
during the rapid heating cycles characteristics of laser processing are more 
 40    
complex.  It is also important to consider that the micro-scale details of actual 
softening, particle coalescence, flow and adhesion, particularly with rapid 
heating, are not expressly represented in the model.  The heat transfer behavior 
describing the evolution of temperature during the SLS process is examined in 
greater detail in Section 3.1.4  
(2) ( )( )
0
( , ) 1 exp ,
t
x t T x s dsφ ζ
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v v  
The behavior of γ(T) and μ(T) are based upon polymer chemistry and rheological 
effects which are still being actively researched and characterized.  Diagrams of 
these functions for various thermosetting powder-coating polymers, shown in Figure 
8 and Figure 9, however, do shed light on sintering during the SLS process.  In 
these diagrams the top data line is for an epoxy resin while the remaining lines 
show data for various polyester blends.  Within the temperature range shown the 
surface tension decreases by about 30% while the viscosity is decreased more 
than six orders of magnitude (the material is melting and then thinning with 
increased temperature).  The melt temperature for the polymers is about 90°C 
which corresponds to the fall in viscosity.  With the lower viscosity there is a 
relatively large value for the sintering rate, ζ(T).   
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Figure 8 Surface Tension for Various Coating Resins (Wouters, et al. 2003) 
 
Figure 9 Viscosity for Various Coating Resins (Wouters, et al. 2003) 
Building from the information in Figure 8 and Figure 9, Equation (2) can be 
simplified by substituting a linear function for γ(T) and a two-value function for μ(T).  
This assumes that the sintering process occurs at temperatures where the viscosity 
can be assumed constant: away from the melt temperature and within a 























= ∞ ∀ ≤
= ∀ >
 
The integral in Equation (2) , then, extends only during the time (from ti to tf) where 
the temperature has exceeded the melt temperature, Tm.  The substitution of the 
temperature field, ( , )T x t
r
, into the function for sintering potential, ( , )x tφ
r
  becomes 
more clear than in Equation (2).  It is reduced to an integration of the temperature 
field rather than the sintering rate, as seen in the following equation. 
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Still, Cγ , 0γ  and liqμ  must be determined for each polymer and the temperature 
field within the SLS machine is a challenging subject as is discussed in Section 
3.1.4. 
Building from the melting and recrystallization behavior of 3D Systems 
Duraform (a nylon-based material), the key parameters of SLS processing and 
Differential Scanning Calorimetry (DSC) may be introduced. The values discussed 
below are for Duraform and do not apply exactly to other materials. However, the 
basic elements of the following do apply whether a blend of polymers or polymers 
mixed with inert elements are considered. As introduced above, powder is 
supplied from the feed beds which are monitored by thermocouples within the 
powder and near the top surface.  The part bed is monitored by an IR sensor.  (In 
newer machines the part bed temperatures are also monitored via IR sensing) For 
each of these areas IR heaters are controlled via a feedback loop to maintain a 
desired upper surface temperature. Though these sensors are not rigorously 
calibrated, a standard temperature for the top of the part bed is 170°C while the 
top layers of the feed chambers are set in the range of 120 to 140°C.  Some SLS 
machines have a part bed heater to maintain a constant temperature within the 
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depth of the part bed. More often this is either not used or not installed so the 
temperature decreases with distance from the top of the bed.  As seen in the 
Differential Scanning Calorimeter (DSC) plot in Figure 10, 170°C is between the 
melt temperature (187°C) and the lower recrystallization temperature (146.5°C).  
This indicates that nylon can be either solid or liquid at 160°C.   
 
Figure 10 DSC Scan of Duraform Nylon (10°C/min) 
The DSC forces a sample material to follow a prescribed temperature ramp 
while monitoring the necessary energy flow.  An upward spike indicates that 
additional energy is being supplied to maintain the temperature ramp to overcome 
melting, as an example.  The second trace in Figure 10 shows that the second melt 
of the same sample has a lower melting point (179°C) which is indicative of 
Duraform. The higher initial melt point is due to the molecular form of the 
powdered nylon which is formed by a precipitation reaction, rather than by 
grinding bulk material into a powdered form.  The second melt on the other hand 
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During the melting process, the smaller crystallites melt first with larger ones 
melting at higher temperatures.  The shape of the melt curve is then related to the 
fraction of crystallites at various sizes.  The size of “crystallites” is not directly 
related to the molecular weight, but rather relates to the crystalline engagement 
between polymer molecules.  It is during the process of melting that the large 
difference in viscosity highlighted in Figure 9 occurs.  Within a solid the viscosity is 
theoretically infinite, above the glass transition temperature the material will yield 
readily and then the viscosity falls through the melting process (again by several 
orders of magnitude).  Nylon is semicrystalline.  More fully crystalline materials like 
wax or ice melt to form very low viscosity fluids, while nylon retains a somewhat 
higher viscosity.   
Since nylon can be solid or liquid within a range of temperatures, the 
scanned section of powder from one layer can remain partially molten while the 
next layer of powder is spread over the existing one.  When the laser scans this 
next layer and the heat affected zone reaches the full thickness of it, molten 
powder bonds with molten powder. Then the bonded layers either cool slowly as 
they become buried deeper in the part bed or with a heated part bed chamber, as 
a whole when the build has been completed.  As an empirical example of this 
process and its relationship to the sintering potential polystyrene, Duraform (nylon-
12), and polypropylene wax may be considered.  SLS processing of these three 
materials in a DTM 2500plus machine was observed during the research on this 
project.  Polystyrene is an amorphous thermoplastic resin.  Instead of melting, it 
more gradually softens at temperatures above its glass transition (a second order 
phase change process).  Figure 11 shows a DSC scan for polystyrene.  Parts can 
be made from polystyrene, but they are weak and porous: the higher viscosity 
limits the sintering rate and ultimately the final sintering potential of the parts.   
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Nylon-12 represents 85% of the material currently used in the SLS industry.  
It has the best SLS processing characteristics coupled with material properties of 
any commercially available SLS material.  Polypropylene wax has an even larger 
temperature difference between its melt and re-solidification (at 59°C, seen in 
Figure 12) than Duraform (at 41°C).  However, its viscosity falls so quickly (as it is 
more fully crystalline) above its melt temperature that it can almost instantly reach 
full sintering potential.  It is difficult to keep scanned regions from becoming pools 
of low viscosity liquid.  During the observed SLS testing of this material such pools 
were rounded and did not have the same shape as the scanned region of powder. 
The behavior of the material was dominated by surface tension.  The key is that 
there are appropriate ranges of viscosity and surface tension that allow strong, 
accurate objects to be formed in the SLS process. 
 
Figure 11 DSC of Polystyrene (glass transition, but no melt peak.) 
80°C 100°C60°C 
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Figure 12 DSC of Polypropylene Wax (large difference between melt and recryst.) 
Sintering is obviously important, but the management of shrinkage 
(exhibited by warping or “curl” in the parts) is a bigger challenge.  The following 
expression, Equation (6), is from German, 1989.   It relates a change in linear 
dimension, Δx, to the ratio of initial and final fractional density of a powdered 
material.  The fractional density is relative to a theoretical, fully dense maximum 
density.  In other words, a φ(x,t) of 1, would correspond to an ff of 1.  Obviously, 
an increase in density with the same amount of solid material results in a change 
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For reference, an initial fractional density of 0.5 and a final fractional density of 
.95 are typical for nylon powders used in the SLS process.  Equation (6) relates 
this to a linear shrinkage (Δx/x0) of 19.2%.  As each layer of material is scanned 
within the SLS machine different regions receive laser energy at different times.  
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The thermal and sintering-based dimensional changes happen at different times in 
different locations.  Further, since the laser heats the material from the top there is 
an inherent temperature gradient into the powder. These inherent properties of the 
SLS process can easily cause regions of layers, entire layers or multiple layers to 
exhibit shape distortion or curl.  Interestingly, when the curl of the material is low, 
the shrinkage is exhibited predominately in the ‘z’ direction (perpendicular to the 
powder bed surface) creating a depression in the top surface of the powder which 
is filled in when the next layer of powder is spread.  The sintering effect is in 
addition to dimensional changes from phase changes and thermal expansion. 
Basically, partially molten powder can accept the shrinkage of the above powder 
as it slowly melts and coalesces.  If it does not, the top layer undergoes sintering 
and thermal shrinkage and the edges of the scanned area curl upward.  This can 
happen gradually over the course of several layers and is called in-build curl.  Post-
build curl on the other hand sets up across the entire part during post-scanning 
cool down.  Polypropylene, which has a rapid drop in viscosity when melting, 
solidifies rapidly, creating extensive curl across a scanned layer of powder (if it is 
not reduced to a pool of liquid by higher energy scanning). For binder systems, the 
shrinkage is less of a concern because of the low amount of material that is 
actually active under the laser and the stability of the inert material especially 
when it has more extensive particle-to-particle contact.   
Even below its melt point, nylon does undergo chain-growth reactions that 
increase its molecular weight, and thus the viscosity, lowering the sintering rate of 
the material.  There are also effects due to oxygen reactions.  In short, nylon that 
has seen a significant thermal history does not sinter as well as virgin material.  
There is a visual indicator of poor sintering, called “orange peel,” which is a 
pitting of the part surfaces.  This is the reason for the powder blending and 
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recycling in commercial SLS operations.   In existing commercial binder systems  
the part bed temperature settings are lower so that changes in the binder happen 
much more slowly (the powder can be almost completely recyclable), but there is 
no visible indicator other than part weakness for poor sintering in binder systems. 
The key parameters set during SLS processing are laser scan power ‘Ps’, 
outline scan power, ‘Po’, scan speed ‘vbeam’, scan spacing ‘Δx’, layer thickness 
‘zlayer’, part bed temperature ‘Tpb’ and feed temperature ‘Tf’.  There are also settings 
for nitrogen flow and various temperature profile settings.  Scanning parameters 
can be altered from one part to another and temperatures can be ramped across 
several layers.  Laser fluence is a unit of laser energy dose, typically in units of 
J/cm2.  A similar, but less scientific, estimate of laser fluence called the Andrew 
Number is typically used in the SLS industry. The laser scan power, scan speed 
and scan spacing may be bundled together as shown in Equation (7). The ‘f’ in 
Equation (7) is a constant used to iron out units issues.  The Andrew number can 
be used to guide changes in parameters to maintain the same basic part 
properties.  As an example, doubling the scan spacing roughly halves the 
scanning time during a part build.  Maintaining a similar Andrew number requires 
either a lower scan speed, which undermines the savings of scanning time, or 
higher laser power, which does not increase build time.  Of course, small changes 
in transient conduction, radiation and sintering potential prevent different Andrew 
numbers from being associated with equivalent part properties.  There are related 
effects on part strength, feature detail, curl, and surface finish, but these are not 
easily predicted.  In practice the Andrew number is a guide for process 
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Finally, thermosetting polymers add additional challenges to SLS 
processing, an exothermic chemical reaction and even more transient melt 
viscosities.  The viscosities are a function of temperature cycle, not temperature 
alone. At one end of the spectrum, this reaction could be minimal and have little 
effect on the processing.  On the other a large amount of crosslinking would occur 
under the laser changing the nature of layer-to-layer bonding and possibly 
undermining the recyclability of the powder.  Additional heat transfer issues are 
also important.  The basic behavior of thermosetting polymers is reviewed in 
Section 3.2.4. 
3.1.2  Powder Mechanics 
A review of basic powder literature and especially German, (1989), 
provides the main issues for understanding powder behavior.  Building upon these 
an appropriate strategy for binders in SLS can be formulated.  Average particle 
size, particle size distribution and particle shape, have a direct influence on the 
density and flow behavior of powder.  Sand flows through an hourglass while dry 
flour tends to form clumps and will clog a funnel.  In this document, the term ‘flow’ 
applied to powder is a qualitative term describing its tendency to cascade either 
while rolled in a cylindrical chamber or spread by the roller in the SLS machine.  
In addition, the effect of mixing different average particle sizes into multiple mode 
mixtures is an important consideration.  As an example, flour particles can be 
mixed with sand and will, in part, fill the interstitial spaces between sand grains.  
Finally, one of the primary variables of binder function is the dispersion of that 
binder within the material to be bound.  This is accomplished in industry by using 
attritor mills, ball mills and other mixing techniques. 
The following is a synopsis of key elements in powder behavior.  The flow 
of the powder is related to its tendency to freely form higher density compacts.  In 
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practice this is quantified by assessing the tap density or measuring the angle (of 
repose) formed between a surface and the slope of a free, conical pile of the 
powder.  This and other key powder processing characteristics may be found in 
Table 3  
Table 3  Powder Processing Variables 
Sy m bol Nam e Descr ipt ion
α Angle of Repose Angle of the side of a free-standing cone of powder
Nc Coord. Number
The average number of touching neighbor particles in a 
powder arrangement
f Fractional Density
Density as a fraction of the theoretical density of a 
material
- Interparticle Friction
The friction that exists at the contact between adjacent 
powder particles
Ψ Sphericity Index
The ratio of the surface area of a sphere with the same 
volume to the actual surface area of the particle
- Porosity
Volume fraction of void space in a powder compact 
(equal to 1-f)
ft Tap Density
The density after vibration - the maximum density without 
compression
 
SPHERICAL PARTICLES: As a foundation for understanding the behavior of 
powder packing, consider an arrangement of monosized spherical particles 
packed into several typical crystal structure formations.  Further consider that 
appropriately sized smaller spherical particles are arranged within the empty 
spaces of those structures, not altering the packing density of the larger spheres.  
Table 4  shows the coordination numbers and fractional densities for diamond, 
orthorhombic, cubic and face-centered cubic (or rhombohedral) structures.  The 
effect of the smaller interstitial spheres is also shown.  For the rhombohedral 
packing configuration, two interstitials exist.  The last column will be discussed 
below in terms of determining appropriate binder characteristics.  The purpose of 
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this table in terms of powder packing is to provide a range of fractional densities 
for perfectly arranged spherical particles.  The rhombohedral configuration 
represents the highest unpressed powder packing density that is theoretically 
possible. In addition the general relationship between coordination number and 
density may be seen. 
Table 4  Particle Packing + Interstitials (Adapted from German, 1989, p.138) 
Particle 
Arrangement
Nc     (# 
of tang.)














Diamond 4 0.340 - - - -
Cubic 6 0.524 0.723 0.391 0.729 28%
Orthorhombic 8 0.605 0.528 0.147 0.693 13%
0.225 0.019
0.414 0.070
Rhombohedral 12 0.741 8%0.810
 
 
PARTICLE SIZE and PARTICLE SHAPE: When comparing particles of 
different sizes, the mass (volume) decreases faster, with D3, than the area which 
decreases with D2 (where D is the particle diameter or particle size).  The result is 
that smaller particle sizes have higher friction (relative to gravitational forces 
settling the powder) and thus lower fractional densities.  In practice, the same 
surface roughness exists for particles of various sizes, which tends to increase this 
effect. For the same interparticle friction (and other powder parameters to be 
discussed below), particles of higher density would have higher fractional 
densities.  Figure 13 shows the relationship between particle size and the 
fractional density for Tungsten Carbide powder. Smaller particles have a lower 
packing density.  This type of powder has a similar particle shape but a much 
higher density when compared to SiC. 























Figure 13 WC Packing Density versus Particle Size (German, 1989) 
The shape of particles is also an important consideration.  While regularly shaped 
particles can be arranged into high density packing arrangements (cubes to an ‘f’ 
of 1.0, as an example) irregular arrangement, or irregular shapes limit the powder 
to a density below that reached by ideally arranged spherical particles.  As 
indicated in the previous paragraph, packing density is also decreased by 
increasing particle surface roughness. 
PARTICLE SIZE DISTRIBUTION: The reality of powdered materials is that 
powders almost always exist in terms of a particle size distribution where the 
“particle size” is actually the average particle size.  Although based on the 
properties of relatively spherical nylon powders, a general rule for SLS powders is 
that they should have only trace amounts of powder either above 80µm or below 
10µm.  Again, powders of a denser material can have less sphericity, greater 
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surface roughness or could have a larger fraction of small particles and still 
maintain appropriate behavior for SLS processing.  Similarly, less dense materials, 
more irregularly shaped particles or greater surface roughness would tend to 
increase the minimum particle size limit and would probably tend to favor a larger 
average particle size as well.  A greater percentage of large (>80µm) particles 
have a prominent effect on the surface roughness of finished parts while greater 
amounts smaller particles or “fines” inhibit the flow and alter the fractional density 
of the powder.  “A high proportion of large, round particles, (German, 1989, 
p.197),” correlates with a high packing density.  Further, a wide distribution (over 
several orders of magnitude) and more spherical particles have also been 
correlated to higher powder densities.  Clearly, there is a balance to be made 
between maximum powder density and best flow characteristics with the 
processing characteristics of the SLS machine. 
THE BEST BINDER POWDER: For the purposes of this project – it is the 
characteristics of a powdered binder that are of greatest interest.  A related 
process is the sand casting process used to produce cast iron objects.  The mold 
used to form such objects is often made from sand held together by a phenolic 
binder. The configuration of sand and phenolic particles produces stable parts 
capable of holding their shape even while in contact with molten iron.  Thinking in 
terms of the phenolic and sand system, some guidance for SLS binders can be 
created. 
If the sand and phenolic particles were both uniformly spherical and 
followed the relationships set forth in Table 4  the amount of phenolic needed 
would be relatively clear.  Yet, the irregular shape of the particles prevents forming 
such a regular packing structure. Another baseline can be developed by imagining 
that each particle of sand is coated with a uniform layer of phenolic. Incidentally, 
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there are resin-coated sand materials that are commonly used for sand casting.  
Assuming spherical particles thicker layers would represent greater volume 
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Figure 14  Binder Percentage for Coated Particles 
For this model, thicker layers would represent greater shrinkage without 
significantly increasing the cross-sectional area of load bearing binder material 
between particles.  It is not necessary to have a complete coating and still ensure a 
high probability of bonding between particles.  Further, although powder coating 
is a commercially available and mature process, it does add significant costs over 
mixing powdered binders and base powders together. 
Starting again from spherical particles, consider all sand particles to have a 
radius ‘R’ while the presumably smaller phenolic particles all have a radius ‘r’.  Let 
two such sand particles touch one another and one phenolic particle be tangent to 
them both, an arrangement shown in Figure 15.  For this arrangement the upper 
‘sand particle’ could be moved in a circular path with respect to the lower particle 
and still remain in contact with the phenolic particle.  The same path would result 
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by revolving the line of length ‘a’ around the line connecting the centers of the 
phenolic and sand spheres, prescribing a region of the lower sand sphere called a 
spherical cap. 
 
Figure 15 Theoretical Binder Geometry 
In other words the phenolic particle presides over a certain area of the sphere and 
when heated will bind the two particles together.  The ratio of the total sand 
particle area to that of the spherical cap region would determine the number of 
such particles needed to “coat” the entire surface of the sand particle, or at least 
make sure that if two sand particles touch they will very likely be bound together 
during an appropriate heating process.  This assumption overestimates the amount 
of phenolic needed as the phenolic particle shown in Figure 15 presides over an 
area on each of the two sand particles. The area of a spherical cap adapted from 
Weisstein, 2004 is found in Equation (8).  Combining this with the standard 
geometric relationships in Equation (9), Equation (10) can be created and used to 
estimate the number of phenolic (binder) particles needed for each sand (base) 
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particle.  This can be used, in turn, to examine the relationship between the 
phenolic particle size (relative to the sand) and the volume percent of phenolic 
needed for high binding probabilities.  This relationship is shown in Equation (11) 
and graphed in Figure 16.  A similar type of relationship for establishing 
conductivity in a powder is shown as Equation (12) (German, 1989, p.265).  The 
basis for this conductivity relationship is the connectedness between the conductive 
portion of the powder and how it establishes a reasonable conductivity in the 
material.  In this equation, adapted from German, 1989, the base is insulating 
and for the purposes of this discussion, the binder is conductive.  The value of this 
relationship is a critical value although initial conductivity readings may be found 
at 1/3 the value established by the equation. 
(8) ( )( )22capA a R bπ= + −  
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Figure 16 Required Volume Versus Binder Ratio 
The solid thick line in Figure 16 is the graph of Equation (11) while the thin line is 
½ of that value, representing one phenolic particle touching two sand particles.  
The dashed linear line is the conductivity model.  The trend is clear.  Smaller 
particles provide the same potential for binding with a lower volume fraction of 
material.  While a larger amount of material between two touching particles might 
represent a stronger bond it also represents a larger proportion of the binder 
material.  It is more important to have binding occur uniformly throughout the 
volume, than to have very strong bonds where they happen to occur.  Another 
consideration is that smaller particles are more difficult to disperse evenly but also 
facilitate more connections between base particles and therefore less shrinkage 
upon sintering.  Still, this provides a guide for choosing a binder size for a 
particular base particle size.  It is also likely that certain powders will be readily 
available in only one particle size.  It is also important to consider the effect of the 
particle size distribution here.  The finer particles of a distribution are more 
valuable than the larger ones. The size guidelines for SLS powders introduced 
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above apply loosely to the entire powder and not just to the binder, which is 
intended to be present in a small fraction.  If a particular sand material had a 
particle size of 40µm and a phenolic had an average particle size of 8µm an 
initial binder percentage to start with would be perhaps 7%, depending on the 
actual behavior of the powder mixture. 
POWDER MIXING, GRINDING: There are several types of mixing and 
grinding operations used for powdered material.  In some cases these two 
operations are done simultaneously.  Rolling involves putting the binder and base 
powder into a cylindrical chamber which is placed on parallel rollers.  As the 
chamber is rolled at an appropriate speed, the powder is circulated up one side of 
the chamber forming a standing cascade of powder.  If the circulation and 
cascade can be set up, it is an efficient, low shear method of mixing.  Ball milling 
is a variation on simple rolling where steel balls, as an example, are added to the 
mixture being rolled.  The rolling speed is generally increased slightly to allow the 
balls (or other milling media) to fall into the rolling powder after being carried up 
the side of the chamber by the rolling motion.  Finally, attritor milling involves a 
higher concentration of milling media and is actively stirred in a high-power 
mixing chamber – similar to a kitchen mixer.  The attritor mill has a water jacket 
around the mixing chamber to minimize the temperature rise in the powder during 
mixing.  More information about attritor milling may be found on the internet 
(www.UnionProcess.com).  There are a variety of other temperature controlled 
industrial grinding methods as well.   
POWDER SIZE DISTRIBUTIONS: The size distributions of powdered 
materials can be determined in several ways.  First, sieves of various sizes can be 
stacked – the amount of material retained on each sieve indicates the relative 
amount of material that went through the previous sieve, but is retained on the 
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current one.  Some of the notation for powders was derived from this process.  A 
“-325” powder is one that would go through a 325 mesh screen, while a “+325” 
powder would be retained on it.  Sieves can only be used as particle size 
indicators with materials that flow reasonably well and have specific gravities 
above about 2.0.  This characteristic prevents their use for most polymer powders.  
Sieves are used to process polymer powders by using pore sizes significantly 
larger than the particle sizes. Powders of any type can be classified using an air 
classifier wherein the powder is lofted into a stream of air. The stream rapidly 
stratifies and is then split.  A particle size distribution curve is generated by using a 
laser particle size analyzer, which are commonly coupled with air classifiers.  The 
common means of reporting particle size distribution for powders is to list the D10, 
D50, and D90 sizes.  D10 would be the particle size under which 10% of the 
powder’s mass exists.  D50 would represent the particle size under which one half 
of the mass exists. 
POWDER TESTING AND COMPARISON: There are several simple tests to 
examine the behavior of powder.  The first is to establish a tap density.  When 
agitated (or “tapped”), powdered material will settle to a stable uncompressed 
density.  By pouring a known mass of powder into a smooth cylindrical chamber 
and agitating the chamber the powder will settle to a stable density, the depth of 
which can be used to establish the fractional density.   
3.1.3  Phenolic and Other Thermosets 
In contrast to thermoplastics which can be remelted, thermosets undergo an 
irreversible crosslinking reaction where chains of the polymer are branched and 
bonded together into a 3D structure.  This process, in general, allows thermosets to 
exhibit higher stiffness, adhesion and flame retardance than similarly priced 
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thermoplastic materials, though with less toughness.  Incorporating and facilitating 
crosslinking into a manufacturing process presents additional challenges.  
The curing of thermosetting polymers and the modeling of the curing 
process are mature subjects, but are also still actively researched.  As an example, 
phenolic curing has been studied for over a century, but, “a detailed knowledge of 
the curing chemistry has not been achieved (Zhang et al., 1997, p.5835).”  
Kinetic models of the curing reactions of thermosetting polymers may be directly 
related to DSC data.  The amount of curing that has occurred in a particular 
thermoset is defined by its “degree of conversion,” ‘α’, where a value of 1 would 
indicate a fully cured sample.  Equation (13) shows how the rate of conversion is 
related to the heat flow, ‘dH/dt’ and the total heat of reaction (the heat evolved 
during the curing process), ΔHR (Ishida, et al., 1995, Montserrat, et al., 1993, 
Kosar et al., 2004).  The total heat of reaction for the phenolic trace shown in 
Figure 30 would be the total area of the exotherm curve from 120°C to about 
180°C. For each temperature in this region the position of the trace below the 










While some analytical models of thermoset curing incorporate a coupled set of 
equations for each of several intermediate reaction compounds such as the 4 
component model of epoxy curing discussed by Fouchal, et al., 2002, a simpler 
form, Equation (14)  is more widely accepted.  This is an empirical model set by 
the particular curing behavior seen on a DSC trace.  And f(α) can be related to the 
shape of the DSC curve (which is a graph ( )dH Tdt  versus ‘T’) by combining 
Equations (13), (14) and (15), as adapted from Montserrat, et al., 1993. 
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The most common form of f(α) from the literature reviewed is found in Equation 
(17).  The values of ‘m’, and ‘n’ in this relationship would be chosen to fit curves 
established from DSC data. 
(17) ( )( ) 1 nmf α α α= −  
Finally, if the total heat of reaction for a particular thermoset, ΔHR, is known then 
the degree of conversion, ‘α’,  of a sample would be the amount of curing that a 
sample had undergone divided by the total heat of reaction, as seen in Equation 
(18).   Or, the degree of cure of a sample can be established by knowing its 
curing exotherm (from a DSC scan), ΔHsample and the total curing exotherm of the 




















3.1.3.1 Phenolic Chemistry 
Often called “the workhorse of thermosets,” Phenol Formaldehyde resins (or 
phenolics) represent the earliest mass produced fully synthetic polymers (and only 
cellulose nitrate or “celluloid” predates it commercially).  They are characterized 
by high strength (for a polymer), but like many thermosetting polymers also exhibit 
brittle fracture behavior.  Although formed from very reactive precursors in phenol 
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(C6H5OH) and formaldehyde (CH2O) the cured resin is extremely stable and nearly 
inert below the onset of decomposition (~300°C). There are two basic types of 
phenolic resins, resoles and novolacs.  Resoles are usually liquid before 
crosslinking and are used extensively in the production of plywood.  Novolacs 
exhibit more rapid curing and are the predominant type used for powder systems. 
Uncured novolac resins do melt.  The onset of melting varies, but is typically 
complete after about 120°C.  For example, the initial lot of phenolic examined 
during this project had a melt onset of 70°C while the sample was completely 
molten at 110°C.  This may be seen in Figure 17.   
 
Figure 17 DSC Scan of Phenolic 
According to Georgia Pacific, the manufacturer of the GP-5546 phenolic 
used extensively during this project, the onset of curing occurs at the same 
temperature as the onset of melting.  The curing is relatively slow in the 
temperature range of the melting process, but the viscosity of the material (due to 
the increase in ‘α’) is transient and increasing when it is molten.  In the GP-5546 
resin system, Hexamethylenetetramine (HMTA, (CH2)6N4), a common crosslinking 
agent, is compounded with a novolac resin.  The GP-5546 resin was chosen in 
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novolac powders. This is tested commercially using a heated (150°C) inclined 
plane and is not related to an actual viscosity.  Lower viscosity was expected to 
increase the sintering rate, or binding ability of the material.  GP-5546 also 
featured a relatively rapid curing reaction.  
Fifteen different types of intermediate compounds were identified by Zhang, 
et al., 1997 in the curing reaction of phenolic resin with HMTA indicating the 
complexity of this process.  The reaction rate increases with lower pH, hence the 
possibility of adding of acid catalysts for more rapidly curing resins.  HMTA is 
alkali, so larger amounts tend to slow the reaction.  Zhang, et al., 1997, also 
report that higher HMTA increases the higher-stability nitrogen-containing linkages, 
yielding stronger cured resin.  “The reactivity of novolacs with HMTA increases 
with increasing water content. (Knop and Pilato, 1985, p.95)”  
The usual chemical structure of novolac may be seen in Figure 18. During 
its decomposition in the range of 140°C, HMTA facilitates the rapid formation of a 
variety of linkages from CH2 (Methylene) and Nitrogen groups within the curing 
resin.  These are crosslinking reactions, creating a strong interconnected 3D 
structure while evolving heat, water and ammonia.  Figure 19 and Figure 20 are 
diagrams of the most common nitrogen-containing linkages that form in the 
presence of HMTA decomposition products, although additional CH2 linkages – as 
seen in novolac are also formed.  Many other types of linkages have been 
identified as well. All of the linkages shown in these diagrams are ‘ortho-ortho’ 
linkages – indicating their adjacent position on the benzene ring of the phenolic 
relative to the OH group.  The ‘para’ position, opposite the OH group, is also a 
potential binding site and in some cases the ortho and para positions can support 
linkages on the same ring.  Finally one ring can rotate relative to adjacent rings to 
accommodate the creation of new linkages or to establish a lower energy 
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relationship relative to nearby molecules.  There is an immense variety of 
interconnected, three-dimensional crosslinked structures possible in this polymer 
system. A more detailed discussion of the reactions may be found in Knop and 
Pilato, 1985, p. 52 and in Zhang, et al. 1997. 
 
Figure 18 Chemical Structure of Novolac Resin 
 
Figure 19 Lower Temperature HMTA Linkage 
 
Figure 20 Higher Temperature HMTA Linkage 
The usual analysis of phenolic resin and other polymers involves a 
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do influence the melt and crosslinking behavior as these processes are rate 
dependent.  Under the laser the rate of temperature increase will be extremely 
high and again not easily considered with standard DSC testing.  The crosslinking 
reaction in phenolics is accompanied by shrinkage, and the structure of the cured 
resin can be undermined in molded parts by the evolution of gaseous crosslinking 
products. However, if they are used in powdered form as binders then these effects 
should not play a significant role.    Abhinandan et al., 1999, examined the 
behavior of an epoxy-polyester hybrid thermoset cured by IR laser.  They observed 
several different final material states relating to the laser power and scanning rates 
used: these were unaffected powder, a smooth film, curing onset, fully cured and 
thermally damaged powder.  The DSC of their powder showed a melting phase 
and a higher temperature rapid cure which are similar to the behavior of phenolic.  
The area of the curing peak was used in their study to determine the amount of 
curing in partially cured polymer samples.  Finally, higher powers coupled with 
more rapid scan rates have been linked with lower melt viscosities (Abhinandan, et 
al., 1999) 
3.1.4  Heat Transfer in SLS 
The SLS process, whether polymeric or metallic materials are being used is 
fundamentally a heating process.  A laser provides rapid local heating which 
induces a phase change, material flow and then rapid solidification.  In this 
section a basic overview of relevant heat transfer issues is presented followed by a 
discussion of simple models that were used to characterize the process and 
ultimately guide the research. 
Understanding the interaction of the laser and the powder is a complex, 
multi-physics problem, but one that is fundamental to the SLS process.  Equation 
(20) is a standard transient conduction relation with the addition of a non-zero 
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convection term.  The rapid heating under the laser coupled with the temperature 
change (~50°C for polymers, >150°C for binder systems) makes the temperature 
dependence of ‘ρ’and ‘c’ significant.   
(20) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( , , , )x y z V
T T T T TT c T v T c T k k k Q x y z t
t x x x y y z z
ρ ρ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ′′′+ = + + +
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
&  
The absorptance of materials changes with temperature and more significantly 
across phase changes.  Further, infrared radiation is known to behave as a 
volumetric heat source, rather than strictly influencing the surface.  This effect is 
more pronounced in transmissive or porous materials.  The behavior of powders 
complicates this effect and the conductivity, ‘k’ as well. The sintering of powder 
particles has an influence on the heat transfer as well.  “The increase in 
transmission as well as its dependence on the wavelength (of the laser) is observed 
only when (polymeric) powder particles start fusing (Abhinandan, et al., p.254).”  
In other words the coupling of the laser to the powdered material can exhibit 
significant changes during SLS processing.  However, Kolossov et al., 2004, state 
that powder layers of metals thicker than 5 particle widths may be approximated 
as having surface heating when scanned by an IR laser.  This should apply to 
binder systems where the base material has low transmissivity as well.   
Fortunately, with a few assumptions it is possible to piece together useful 
analytical models.  First, using a semi-infinite approximation and further assuming 
that an instantaneous pulse of energy, ‘E’, is delivered and completely absorbed at 
time t=0, results in Equation (21) (Mills, 1999, p.181).  The expected dependence 
on time and depth, ‘z’ is clear here, but the model does not address the actual 
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Ion, et al., (1992), went further to incorporate the dynamics of a scanning 
Gaussian IR laser, similar to that used in the SLS process.  They also introduce 
parameters to map the model onto actual scanning data while avoiding the infinite 
values at time t=0.  The analytical model of the thermal cycle they created, 
Equation (22), relates beam power, scan speed and the depth into the substrate at 
the center of the beam path.  In this equation, ‘A’ is absorptance ‘a’ is thermal 
diffusivity, ‘q’ is beam power, ‘v’ is beam speed and ‘k’ is thermal conductivity 
while ‘t0’  and ‘z0’ are reference parameters of characteristic time and length 
respectively used to capture actual data. Equation (23) indicates that ‘t0’ is related 
to the beam radius and the thermal diffusivity of the substrate material.  ‘z0’ on the 
other hand is to be set by matching the output of the equation to the temperature at 
the actual surface of the powder. The dependence on depth is the same here as in 
the simple pulse example, but the dependence on time is slightly different even 
considering the effect of the velocity term.  Unfortunately, the form of the equation 
with respect to ‘t’ does not support closed form integration, which would allow this 
expression to be readily incorporated with the simplified expression for sintering 
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The influence of power and scan speed on the peak temperature are clear here, 
but a better understanding of thermal spreading across the powder, temperature 
profile and temperature decay are needed to understand the influence of SLS 
processing parameters. In SLS, the laser is scanned at high rates as it rapidly 
rasters over the surface.  It is important to consider the effects of this scanning as 
subsequent passes near the same spot change the thermal cycle estimated by 
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Equation (22).   This additional element was described by Nelson, et al. (1995) 
and incorporated into their development of an iterative FEM model for predicting 
the temperature profile.  It is expected that the temperature of a point in the 
powder when scanned by a laser should rapidly rise while the radiation is incident 
and then decay and spread after the laser passes. When a narrow shape is being 
scanned, a point in the powder will be reheated before it has a chance to cool 
completely.  The maximum temperature would then exceed that at the center of a 
single laser pass. Kolossov et al., 2004, and Dai and Shaw, 2004 observed a 
maximum temperature at the center of a scanned square region.   
The next piece of the puzzle is to extend the laser scanning models above, 
which were prepared for solid materials, to a bed of powder. Within a powder, 
heat transfer happens relatively easily as conduction within a particle, but 
relatively slowly across the spaces between them. Kai and Shaw, 2004 suggest an 
effective thermal conductivity for the powder bed relating porosity and the 
respective conductivities of the solid powder ‘ks’ and interstitial fluid ‘kf’ as well as 
the radiation from one particle to another within the powder bed ‘kr’. ϕ is the 
fractional porosity and xr is the average particle radius.  Equation (24), a 
simplification assuming rigid, spherical particles allows the heat transfer equations 
above to be extended to powder. The remaining element of this analysis, which is 
left to the following research discussion, is to address the effect of the exothermic 
curing of phenolic on the thermal cycle of the powder.  
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3.1.5   The Research Task 
The task at hand is to establish a thermoset binder system for use in the SLS 
process.  The base material (to be bound together by the phenolic binder) was 
limited to glass microspheres and silicon carbide due to the wide variety of 
potential applications and the relatively low cost of both materials.  Similarly, 
although several types of thermosetting polymers were screened, phenolic was 
chosen as the binder for this project, again due to availability and also due to its 
ease of processing and low cost. In the discussion above the main subjects 
supporting this work were reviewed: powder mechanics, the SLS process, 
thermoset curing and heat transfer.  From this, the basic structure of an SLS process 
for thermosetting materials can be created, as shown in Figure 21.  The variables 
are within the boxes while the observables are shown in the rounded shapes 
below the main processes.  Based upon this framework, thermosets were studied 
and a more general SLS materials testing method was pursued. 
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Figure 21 Thermoset Binder Processes and Key Variables 
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3.2 Method 
3.2.1  Powder Behavior 
A basic analysis of tap densities and powder behavior was performed on a 
variety of powder compositions including commercially available SLS powders.  
Duraform, the most common, is a nylon-12 powder. There are also steel powders, 
called Laserform, which have spherical particles. The Castform (polystyrene) 
material also features nearly spherical and smooth particles.  Of the current SLS 
materials, Duraform is the material with the poorest packing and flow 
characteristics.  The idea was to compare new powders to the behavior of 
Duraform. 
Straight-sided glass jars commonly used for storing spices were used to test 
the tap density by comparing the height and weight values to that of water (see 
Equation (26)).  The same solid volume of powdered material was placed in each 
jar.  The jars were rolled on their sides to observe the powder’s tendency to flow 
and to ensure powder uniformity.  The jars were then literally tapped on a hard 
counter top, but not hard enough to disturb the top layer of the powder.  After the 
powder settled to a static height in the jar, it was measured and related to a 
fractional density.  ‘m’ is the mass of the powder sample, ‘α’ is the cross-sectional 







Three different relationships were examined during tap density testing.  The 
first was the relationship of particle size and shape on tap density.  The sizes of 
silicon carbide powder used may be found in Table 5 , below.  Next, the effects of 
adding various fractions of fine powder to a coarser powder (bimodal mixtures) 
were examined to approximate the effect of adding binder to the SiC powder.  
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Finally, combinations of phenolic with both glass and silicon carbide powders 
were tested.  This last test included powders prepared in a variety of ways, which 
is discussed in the following paragraph.  In each of these tests a standard bulk 
volume was placed in each glass cylinder which facilitated comparison between 
different powders. 
Table 5  SiC Powder Data (aaa-industrialsupply.com) 
D6 50%  in  range D97
(µm) (µm) (µm)
280 22 35 - 38 59
320 16.5 27.7 - 30.7 49
600 3 8.3 - 10.3 19
1200 1 2.5 - 3.5 7
Gr it  Rat ing
 
The second main topic in this section involved mixing, grinding and the 
dispersion of the binder within the base material.  Several different types of 
powder preparation methods were used.  Phenolic (GP-5546) was used directly 
from Georgia Pacific and ground by the HJE Company, Queensbury, NY.  The 
Base (SiC) and binder were mixed using rolling, attritor milling, ball milling (with 
½” cylindrical alumina media) and for larger batches a cement mixer.  The 
powder mixed in the cement mixer was subsequently sifted using a sieve attached 
to the lid of a barrel lined with a plastic bag, to retain the media. The attritor mill 
used had a damaged motor and chamber.  The chamber capacity was about 1 
quart of powder and it leaked profusely through a damaged valve.  Powder was 
simply passed through it as if it were a continuous feed process to assess the effect 
of attritor milling.  The alumina milling media was also added to the cement mixer. 
Visual comparisons, tap density and flow, SLS processing behavior and SEM 
images were used to analyze the various types of powder preparation. 
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A standard Hitachi scanning electron microscope (SEM) was used to 
examine microstructural features of powders and powder mixtures.  This allowed 
macroscopic tap density and flow observations to be related to particle features 
and size distributions.  SEM images were also used to identify micro-structural 
features throughout the research and images are found throughout the results 
section of this and subsequent chapters. 
3.2.2  Polymer Analysis 
A variety of readily available powder coating thermoset resins including 
polyester, polyamide-imide, acrylic, epoxy and hybrid resins were obtained and 
tested in a DSC from 50 to 200°C at ramp rates of 10 and 20°C/min.  All DSC 
plots in this dissertation were run by the author except for polypropylene and nylon 
which were run by Chris Schaefer, an undergraduate research assistant, for this 
project.   More details of these resins may be found in the result section to follow.  
These materials were chosen as their normal use involves rapid heating and 
curing, often with IR radiation, which is similar to SLS processing. The DSC 
allowed their melt and curing behavior of these resins to be compared with the 
phenolic which has previously been a component of an SLS binder system. 
Differential scanning calorimetry (DSC) and scanning electron microscopy 
(SEM) analyses supported work in binder characteristics and SLS processing 
outlined in subsequent sections.  Additional information on the DSC used and the 
type of data that may be obtained can be found in the polymer characterization 
lab section of the Texas Materials Institutes internet address (www.tmi.utexas.edu).   
The DSC was also used to assess the degree of cure for thermally aged 
phenolic powders as well as various samples taken during actual SLS processing.  
Thermal aging was done using a standard lab oven.  Pure samples of phenolic 
were aged at 60, 70 and 80°C for at least 2 hours.  The longest soak was over 8 
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days.  The soak temperatures were chosen to bound the 70°C melt onset found 
during DSC analysis which was expected to represent an upper bound for the part 
bed temperature in the SLS machine (to avoid turning the bed into a solid brick).  
The idea was to explore the changes in the phenolic both in curing exotherms and 
melt endotherms due to the heat aging.  These observations were expected to 
inform the analysis of observed changes in SLS processing. 
3.2.3  Basic Binder Characteristics 
While actual SLS testing is the most informative way (currently available) to 
examine a particular binder, it requires several pounds of material to assess 
multiple layer builds and 50 to 100 pounds or more to explore the various 
transients associated with SLS processing.  If a variety of materials and material 
ratios are to be explored SLS testing, is not an efficient testing method.  To quickly 
examine a broad variety of binder mixtures, a Teflon powder mold was prepared, 
which is illustrated in Figure 22. The cavities are 5.5” in length and 0.5” in width 
and depth – this shape matched the largest beam specified in the ASTM D-790 
bend test specification.  Rockwell hardness testing (especially 15W, 15Y or 15N) 
was also planned. The purpose of the mold was to explore the effect of different 
binder formulations using small quantities of powder.  Changes in cured strength 
and shrinkage were expected to be observed both qualitatively and during bend 
testing.  It was assumed that the strength and shrinkage of the SLS parts would be 
less than the molded parts, but that the effect of powder constituents would still 
translate. As introduced in Section 2.2.1, previous Indirect SLS research at UT 
made use of a three-part binder consisting of Nylon, Wax and Phenolic.   
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Figure 22 Bend Test Mold 
280 grit SiC powder was mixed with 6, 10 and 14% Phenolic and was 
mixed by rolling only.  The powder was lightly packed into each chamber, leveled 
and placed into a preheated standard lab oven at several temperatures.  The best 
temperature for preparing phenolic/ SiC molds was 120°C and soaks of longer 
than 40 minutes did not improve final strength. The strength, color and other 
features of the molded parts were examined qualitatively.  A more rigorous 
examination using the ASTM D-790 method for three-point bend strength was 
prepared by Bhandari, (2004) as a part of her examination of the original 3-part 
binder formula (nylon, wax and phenolic).   
3.2.4  Heat Transfer Analysis 
The thermal characteristics of several different materials were examined to 
put the materials of interest in this project in context. Table 6  shows the density, 
thermal conductivity, specific heat and thermal diffusivity for phenolic and SiC as 
well as for comparison materials.  The most interesting aspect of this table is the 
high conductivity of the SiC ceramic material.  The effective conductivities the 
powders examined during this project were found using Equation (24). 
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Table 6  Basic Thermal Properties of Selected Materials (azom.com) 
Mater ia l SG k  (W/m - °K ) cp (J /g- °K ) a (cm *cm /s)
Phenolic 1.30 1.46E-01 1.30 8.64E-04
Nylon 1.02 3.00E-01 2.60 1.13E-03
Alumina 3.80 2.50E+01 0.87 7.56E-02
Aluminum 2.74 2.40E+02 0.97 9.03E-01
Iron 7.87 8.02E+01 0.45 2.27E-01
SiC 3.16 1.10E+02 0.72 4.87E-01  
 
A basic evaluation of heat transfer issues was performed to get an 
understanding of the temperatures ranges and thermal cycles expected within the 
SLS machine.  This would then help examine the feasibility of running phenolic or 
other thermosets and hopefully guide the subsequent research.  The first part of this 
involved bounding the temperature rise expected by considering the volume of 
powder heated by a scanning laser (modeled after the standard SLS laser) in a 
single second.  The following assumptions were taken during the calculation.  
Basically, this estimates the temperature rise if the energy was distributed evenly 
through the powder heated during one second of scanning. 
1. 1-second strip of powder, 4mils thick… 
2. 1mm beam width 
3. Flat beam profile 
4. Adiabatic beam edge 
5. 50% powder density 
6. Constant temp across and into powder 
7. 0.004" affected depth 
8. 10W beam at powder surface 
9. 10% phenolic/ 90% Silicon carbide powder 
 
The results of this initial analysis and an assessment of the effective thermal 
conductivity for the powder supported the use of Equation (22) to determine the 
heat plume below the advancing laser.  The temperature rise was matched with 
the more comprehensive FEM model described by Nelson, et al. (1995).  The 
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other piece of information was the temperature spike observed when the laser 
scanned under the IR temperature sensor.   These two analyses provided 
information about the phenolic melting, the time scales and the depth to which 
melting could be expected to occur. 
3.2.5  SLS Processing 
For all of the capability it does have, the SLS platform is not a robust, 
hands-free system.  Instead, different machines have slightly different behaviors.  
Lasers require calibration and clean optics to have power levels read correctly.  
Temperature sensors are not routinely calibrated (except where this is automated in 
the newest SLS machines) and the thermocouples and IR sensors exhibit different 
fluctuations in their readings.  There are significant thermal transients inherent in 
the process since the laser and IR heaters are adding energy while the volume of 
powder in the part bed changes.  Each layer of new powder is typically cooler 
than the set temperature for the part bed.  Different layers receive different 
amounts of laser energy.  In addition, the machine components surrounding the 
powder beds have a significant thermal mass.  There are temperature gradients 
from the center to the edge of the part bed which have been measured to be in 
excess of 30°C at times.  There are different thermal cycles seen in scanned 
regions based on part placement, part orientation and the order in which different 
parts are scanned within a particular layer.  The point is that there is some art 
involved in running an SLS machine: the process does not lend itself well to an 
elaborate, methodical plan of development.  Instead, it is a case of carefully 
observing the operation of the machine and of parts produced to help evolve an 
appropriate set of parameters to reliably produce parts.  Watching both the 
scanning and powder spreading for several layers allows early stages of in-build 
curl to be observed.  Incidentally, this can be mitigated by lowering the laser 
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wattage, increasing the part bed temperature or increasing the feed temperatures.  
The other observations that are important are the feed and part bed temperatures 
as well as heater duty cycles (a measure of the power going to the heaters).  The 
detailed notes from the initial multi-layer builds, found in Appendix 2 indicate 
observations and parameter changes made during that set of runs and provide a 
guide for running new materials in the SLS machine. 
An understanding of the melting and curing characteristics of the phenolic 
and a basic analysis of the heat transfer characteristics within the powder bed 
supported decisions during the work in the SLS machine.  The work to set upper 
and lower limits for appropriate powder mixtures was completed in the molds 
described in Section 3.2.3 above.  The development of an appropriate SLS 
process for a new commercial material may be broken down into 4 main phases, 
which are described below.  The organization of these phases grew both out of 
the current research project and by observing concurrent SLS materials 
development activities with Advanced Laser Materials, LLC. 
Phase 1: Single Layer Scans 
Before enough powder was mixed to fill the machine, some basic SLS 
parameters were explored using a small tray of powder placed in the center of the 
SLS machine which facilitated using a small amount of material during each test. In 
addition, the temperature of the part bed reaches its set point in seconds rather 
than 10-20 minutes for a fully charged machine.  Iterations can happen quickly. 
For each test, the powder in the tray was carefully leveled and a single scan of the 
laser traced several shapes in the powder.  Most of the powder used for the scans 
was milled using a Union Process attritor mill which size reduced the phenolic and 
also dispersed it evenly throughout the SiC powder.  Other tests used powder that 
was simply rolled.  The build height was set at 0.003” and the layer thickness at 
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0.004” to prevent the roller from moving.  The piston was raised to just below the 
point that the powder tray would interfere with the roller if it accidentally moved 
during the scanning process.  The tray, pictured in Figure 23, was 8” in diameter 




Figure 23 Single Layer  Build Tray 
A series of tests were performed to establish appropriate ranges for part bed 
temperature and laser power by observing the relative strength of the scanned 
regions.  Each of the shapes scanned had sharp corners that allowed adhesion 
beyond the scanned regions to be observed as well.  Finally STS-200 metals 
configuration (config) files were used as base setups for the single layer scans.   
Polyester powder coating material (PAO-01189M from Becker Powder 
Coatings) not mixed with any silicon carbide was also tested in a single layer 
scan.  Laser powers from 7 to 10 watts were examined with a bed temperature of 
50°C, below the melt determined during DSC testing. 
Phase 2: Initial Multiple Layer Builds 
Aside from honing the various SLS parameters and accommodating full 
machine operation, the next step was to examine interlayer adhesion.  To facilitate 
rapid iteration during this series of tests the metals (STS-200) config files were used 
initially in the machine to avoid waiting for the machine to inert after each time it 
was opened.  
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150 pounds of 280 grit (42 micron) silicon carbide was mixed in a cement 
mixer with 13lb of phenolic (8% by weight) ground to an average particle size of 
17.6 microns with a standard deviation of 11.8 microns.  The phenolic was 
commercially ground by the HJE Company.  This was done to facilitate processing 
larger batches of material without having to use the attritor mill.  The attritor mill 
was difficult to use and represented additional equipment for supporting this 
process in a manufacturing setting.  The scan speed was constant at 49.5 in/sec 
for all builds.   
The main parameters for the builds are shown in Table 7 , below.  The 
limited part bed temperatures, laser powers and scan spacing for the initial build 
is attributable to the single layer scan work.  The parameters for each build were 
determined from the results and observations of the previous build.  Again, 
detailed observations (coupling the method and results) from the initial series of 
builds may be found in Appendix 2. 
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Table 7  Initial Series of Multi-layer SLS Builds 





0 80°C 50°C .008” .003” .003” 6-10W Multiple scans, 4-
layers only 
1 60°C 30°C .008” .003” .003” 8-10W  
2 60°C 35-55°C .008-
.010” 
.003” .003” 8-10W  
3 40-55°C 30-40°C .009” .004” .003” 8-10W Duraform Config. 




8-10W 1 layer of BTB parts




6-10W Spacing/ Low Power
6 75°C R35, 
L40°C 
.008” .004” .004” 8-10W Breakout Testing 
7 75°C R35, 
L40°C 
.008” .004” .004” 8-10W Low part spacing 
8 75°C R35, 
L40°C 
.008” .004” .004” 8-10W Bend Test samples 
 
Within this initial series of tests several builds were made of simple 
prismatic bars to examine part spacing and directional effects.  Other parts were 
designed to help develop the process development further. One of these parts is 
shown in Figure 24.  This part allowed the ease of part removal from the bed as 
well as relative part strength, and dimensional stability to be qualitatively assessed 
without actual mechanical testing.  Directional effects were also expected to be 
further examined. SiC with its high thermal conductivity was expected to cause the 
parts to grow with the spreading of the laser heat.  This could be observed as 
growth of the fins or the narrowing of the small channels in the breakout part.  To 
limit the atmospheric variation from one build to another, the Duraform config was 
used (which maintains the chamber under nitrogen during the builds).     
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Figure 24 SLS Breakout Part 
 
Phase 3: Breakout Capability, Dimensional Stability and Material Properties 
The purpose of Phase 2 is to establish a fairly robust set of parameters for 
building SiC parts. The next set of builds revolved around manufacturability, 
material properties and issues with longer builds, such as heat buildup, laser 
window fogging and powder degradation.  Additional parameters were explored 
in scan spacing, temperature ramps and outline scan parameters.  Three-point 
bend samples, tensile blanks, heat deflection temperature blanks and several other 
types of parts were built during several different builds with new powder. A newer 
breakout part was designed to provide a greater challenge in getting the parts out 
of the bed and removing the loose powder.  It is shown in Figure 25 and was also 
used to examine furnace infiltration which is discussed in the following chapter.  
The narrowest cylinders were designed to be too fragile to get out of the machine.  
The two feet at one end were designed to allow this part to provide additional 
information during post processing, which is discussed in the following chapter. 
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Figure 25 More Intricate Breakout and Infiltration Part 
Several different types of parts were placed along side the breakout parts during a 
series of builds.  Three-point bend test parts (per ASTM D-790) were built in 
primarily the ‘X’ (in the direction of the roller motion) and ‘Y’ directions.  No 
beams were built vertically.  2.5 x 0.5 x 0.5” blocks were also oriented in the ‘X’ 
and ‘Y’ directions to examine the dimensional stability both in the SLS machine 
and during post processing.  These blocks were built with glass and SiC base 
materials and at 8, 10 and 12W with constant 0.003” scan spacing. 
There was a concurrent assessment of strategies to make the machine run 
faster, such as by varying the scan spacing or changing the temperatures in the 
feed beds during the course of the build.  
Phase 4: Reliability and Long-term variation  
To actually create a material that can be run commercially the variation 
from run to run, in different areas of the part bed, due to powder life and from 
machine to machine must be understood, particularly if that material is to be sold 
to SLS service bureaus.  The robustness of the process must be known before it can 
be exported to another fabrication facility.  These issues are more stringent if 
finished parts, rather than prototypes are to be fabricated from that material.  This 
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final phase addresses these issues with a series of builds made with aged powder, 
in different machines and over the course of several weeks.  In addition 
representative parts for display to potential customers are built during this phase.  
Several representative parts were prepared and shown to a variety of customers.  
These parts will be discussed in the following chapter.  No research directed to 
establishing process reliability and robustness were completed during this research 
project.  These tasks are left for future work. 
Other Materials Systems 
Two other base materials were also explored, graphite and glass 
microspheres.  They were processed based on the SLS parameters created during 
Phase 2 for the SiC base material.  The formula for the graphite was determined 
by Ssuwei Chen in an effort to prepare Bipolar Plates for fuel cells using SLS 
technology.  The graphite runs within this research tested the basic SLS method 
developed during this project and also established an alternate set of process 
parameters for Mr. Chen’s work.  Several bars, beams and model bipolar plates 
were made during three separate builds.   
The glass microspheres were examined more extensively.  After initial builds 
to establish appropriate parameters, a variety of parts were prepared.  
Dimensional stability parts and three-point bend parts were built and tested to 
provide some context for the behavior of the SiC base material.  The combination 
of the glass microspheres and the phenolic also represented an extremely cost 
effective material.  The cost structure of SLS processing is reviewed in Chapter 5. 
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3.3 Results 
3.3.1  Powder Behavior 
The basic effects of particle size, particle shape, size distribution, and 
density were known, but the assessment of powders has shown the degree of these 
effects for the powders of interest to the current project.  Figure 26, below is a 
diagram of the tap densities for a variety of different powder mixtures.  The 
complete data for the tap density testing may be found in Table 21  in Appendix 
1. The value of the test can be shown by making several comparisons referring to 
the numbers on the bars in the figure below.  The effect of size can be seen by 
looking at 6 and 10.  The effect of an interstitial smaller particle is seen comparing 
2, 3, 4 and 6.  As expected the smaller particles can occupy interstitial spaces, 
increasing the fractional density.  What are also seen are the diminishing returns – 
with increasing volume fraction the smaller particles begin to separate the larger 
particles and eventually will dominate the powder decreasing the fractional 
density.  Particle shape and smoothness gives the difference between 1 and 6.  
Finally, the effect of adding phenolic for SLS processing is shown in the difference 
between 1 and 7 as well as 6 and 8.  The fractional tap density of Duraform is 
shown by column 9. 


























































































Figure 26 Tap Densities of Various Powders (mixture % are volumetric) 
The following SEM images provided additional insight into the behavior of 
the powders and an initial benchmark into later microstructural analysis.  The 
features of 280 grit silicon carbide (36.5µ) are typical for brittle ceramic materials, 
as shown in Figure 27.  Some of the particles are chard-like while others exhibit 
large smooth areas. There are few fines (particles less that 10µ) and aside from the 
shape variation from particle to particle, the material is uniform and has no visible 
fine-scale texture. 
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Figure 27 280 Grit SiC Powder 
In contrast, the 20µ A6 tool steel powder pictured in Figure 28 (at 10X the 
magnification of the SiC image above), has uniform particle shape, but also 
surface roughness.  The smaller white clusters are a nylon 6/12 binder used for 
SLS processing. 
 
Figure 28 A6 Tool Steel Powder w/ Nylon 6/12 Binder 
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Phenolic is shown in Figure 29.  The larger particles are about 10µ across.  Many 
sub-micron particles and agglomerates can also be seen.  The phenolic powder 
flows very poorly due to the particle shapes and large fraction of fine particles. 
 
Figure 29 GP-5546 Phenolic 
Samples of phenolic and silicon carbide placed in the same jars used for 
tap density testing showed differences based on preparation.  Simple rolled 
powder (placed in a chamber and rolled for 6-24 hours) looked and flowed like 
silicon carbide alone.  The phenolic coated the glass.  When alumina media was 
added to a cement mixer and the powder mixture was mixed for 12 hours, the 
powder had a lighter color and less phenolic coated the glass on the jar.  When 
powder prepared in an attritor mill was observed, the powder flowed more like a 
finer particle size powder and little phenolic coated the glass.  It was expected that 
this difference was due to finer particle sizes, greater dispersion and phenolic 
particles tending to stay on the surface of the SiC particles.  This expectation was 
verified in later SEM images after SLS scanning, as may be seen in by comparing 
Figure 34 (rolled powder showing agglomeration) and Figure 35 attritor milled 
powder indicating widely dispersed small phenolic particles.  Phenolic was also 
ground separately (to the specifications shown in Table 8 ) and then mixed with 
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SiC powder.  That powder was similar to the powder prepared in the cement 
mixer with media. Similar size reduction was seen with the media/ cement mixer 
and the attritor mill made the outside grinding unnecessary. 
Table 8  : Ground Phenolic Data (From HJE, New York) 
Std.
Dev 10% 50% 90% 95%
(µm ) (µm ) (µm ) (µm ) (µm ) (µm )
Raw 31.0 23.7 4.1 24.8 64.1 78.9
Ground (-325 Mesh Cut) 17.6 11.6 3.4 15.5 33.3 41.1
Ground (Fines) 10.6 6.8 2.6 10.0 19.8 23.4
Raw Powder Oversize 62.2 19.0 35.1 56.4 85.7 102.8





The attritor mill was run with a bucket to catch the powder freely flowing out 
of the chamber, though this was due to the damaged valve.  After two complete 
runs through the machine the powder was compared to powder prepared using 
other methods and also used for single layer scanning.  It was decided that the 
$2500 for the new bucket was not worth the cost and the attritor mill was not used 
to prepare powder for multilayer SLS processing. 
3.3.2  Polymer Analysis 
The initial polymer analysis was a DSC scan on several promising powder 
coating thermosets which may be seen in Figure 30.  Each of the powder coating 
resins had average particle sizes within the range for SLS processing.  Further, 
they were all designed to sinter into smooth, uniform layers during heating 
processes.  These samples were examined as a screening process for appropriate 
binder materials.  The traces have been normalized and also moved to make them 
more easily comparable. In each trace a melt curve may be seen between 50 and 
110°C and a curing exotherm starts to draw the curve downward at about 130°C 
even though the chemistries of these resins vary dramatically.  The most notable 
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difference in these materials is the large curing exotherm in the phenolic resin, and 
the significant melt spikes of the Polyesters and DuPont RRBS-9 resins.  The large 
phenolic exotherm is in part due to a relatively rapid curing reaction, although the 
DuPont resins feature a full cure in 5 seconds under IR heating. Phenolic had the 
most favorable combination of relatively high melt and a strong curing reaction a 
reasonable temperature above the melt.  The area of the curve during that curing 
reaction represents the curing exotherm (in joules per gram) for the phenolic.       
 
Figure 30 Melt and Curing Behavior of Various Thermoset Resins 
In terms of SLS processing, the melt behavior was expected to determine the 
temperature limitations on the part bed.  If significant melting or softening occurs, 
the powder in the bed will begin to fuse together or cake.  If curing is desired 
during the SLS process, a broad melt point with a narrow curing curve is desired.  
In addition, a small difference between the melt and curing temperatures is also 
desirable. Most of the resins tested had a sharp portion to their melt curve 
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indicating sensitivity to thermal variation and a rapid onset of part bed caking.  
The remaining resins were the DuPont RLPS-9 IR cure resin and phenolic.  The 
rapid cure described in the product literature for the DuPont resin was not clear on 
the DSC analysis and the difference between melt onset and cure onset was 
greater for the DuPont resin.  The reaction characteristics of the phenolic, in 
contrast, have been studied extensively and several models were found in 
literature.  The phenolic is very inexpensive (at $1.80/ lb.), shows an obvious 
curing reaction in the DSC and can be easily ground using a variety of methods. 
Further, the phenolic curing reaction can be modified easily.  The addition of 
salicylic acid, which can be added as powder, enhances the curing kinetics of the 
resin. Still, the large exotherm represents either an advantage in promoting curing, 
or a disadvantage in undermining the part geometry. 
The information from the samples tested may be found in Table 9 , below.  
Some adhesion and color changes were associated with longer aging soaks and 
higher temperatures.  The larger mass loss for the longer soaks at 70°C was 
expected to be associated with curing and more uniform losses for the other 
samples with drying only.  This was confirmed by the DSC results found in Table 
10 .  Graphs of representative DSC runs may be found in Appendix 1.  The curing 
exotherms of the 60 and 80°C samples were larger.  This was expected to be a 
combination of water inhibiting the reaction and also absorbing the energy. 
However, as was described in the background section of this chapter, water 
enhances the curing reaction in phenolic.  In addition, there was ample time 
between oven heat aging and DSC testing for atmospheric water to return to the 
samples.  The identification of the effect would require additional testing. The DSC 
data of ~240 minute soaks did not show a correlation between temperature and 
curing (within the range examined).   
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60 120 5.85 5.73 2.05%
60 240 6.20 6.11 1.45%
60 360 7.74 7.57 2.20%
70 235 4.09 3.99 2.44% No caking of powder - light color remains
70 7326 5.08 4.74 6.69% Slight caking esp. at bottom - slightly darker color
70 11789 7.26 6.69 7.85% Slight caking + slightly darker than above sample
80 122 7.85 7.69 2.04%
80 245 10.29 10.05 2.33%
80 521 11.35 11.01 3.00%
No visible change in powder appearance
All samples of powder form loose cakes - longer 
soaks have slightly harder caking and slightly more 
amber color  
 
In addition to these heat aging samples, mixtures prepared in a variety of 
ways and across two separate lots of powder were examined. Phenolic mixed with 
SiC did not exhibit the same curing exotherm per volume of phenolic that was 
found with the 100% phenolic samples.  All exotherms listed in Table 9 , below 
represent joules per gram of phenolic.  The two lots of powder had significantly 
different exotherms having 59.8 and 72.3 J/g respectively.  The phenolic ground 
at the HJE Company showed the highest curing exotherm possibly due to 
increased surface area or better HMTA dispersion. 
It was hoped that some meaningful data could be created for a degree of 
cure as introduced in Section 3.1.3, above.  Because of the effect of drying and 
mixing with SiC a total exotherm could not be established except for the powder 
samples aged at 70°C.  The 5 and 8 day samples had a degree of cure that was 
approximately 0.5 ( 0.5α ≅ ) with respect to the dried sample aged only 4 hours. 
The Part Bed powder sample from Lot #1 represented powder taken from 
the SLS machine after the first series of 8 build runs had been completed.  Lot #2 
samples were taken after a much more extensive series of higher depth builds 
amassing over 10 inches of powder into the feed bed (~120 hours of scanning) 
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with several overnight soaks at temperature.  Part samples were taken from the 
interior of parts prepared in the final builds before the part bed samples were 
taken. Comparing Lot #1 and Lot #2 powder there was a mixed result for whether 
curing happens under the laser within the SLS machine.  Additional study would 
be necessary to verify the result.  
Table 10  DSC Curing Study 
P ow der P reparat ion SLS P rocess ing
Cu r ing 
Ex otherm  
(J /g)
Raw Phenolic - 59.837
60°C - 120min - 56.499
60°C - 240min - 66.817
60°C - 360min - 75.699
70°C - 235min - 60.347
70°C - 5d, 2h, 6min - 31.436
70°C - 8d, 4h, 29min - 30.826
80°C - 122min - 58.503
80°C - 245min - 60.088
80°C - 521min - 75.699
HJE Ground - 88.400
Attritor Milled (10% Phenolic) - 21.047
Cement Mixer (8%, no media) Part Bed Powder 23.652
Cement Mixer (8%, no media) Bend Test Bar 24.225
Raw Phenolic - 72.260
Cement Mixer (10%, w/ media) - 24.447
Cement Mixer (10%, w/ media) Part Bed Powder 26.304
Cement Mixer (10%, w/ media) Bend Test Bar 19.707
Lot #2 : GP-
5546 Phenolic
Lot #1 : GP-
5546 Phenolic
 
3.3.3  Binder Characteristics 
Using the same mold setup described in Section 3.2.3 above, the influence 
of different ratios of nylon, wax and phenolic on the bending strength of green 
(directly from SLS) and brown (after carbonization) samples was performed by 
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Bhandari, 2004. The influence of the wax (N,N’ Ethylene Bis-Stearimide powder 
metallurgy lubricating wax) on the Green strength was confirmed.  The molded 
parts cracked due to shrinkage when processed in a pre-heated oven at 
temperatures high enough to melt the nylon (>195°C).  The surprising result of the 
study was the indication that the presence of wax also slightly increased the brown 
strength of the parts.  The actual physical or structural cause of this increase was 
not identified.  The lowest viscosity component of the three-part binder system was 
the wax.  Its tendency to flow and coat other elements could have improved the 
connections that formed between particles and served to improve the 
microstructure of the phenolic prior to decomposition.   
The coating of the three-part binder system on SiC particles may be seen in 
Figure 31.  There are significant pores and unbonded surfaces despite the 
significant strength of the part examined. 
 
 
Figure 31 10% NWP Binder with 280grit SiC 
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The design of the mold incorporated shrinkage from the powder as the 
phenolic binder cured.  The shrinkage appeared as cracks in the bars and all 
parts were difficult to remove from the molds.  The molds were modified to allow 
each chamber to be opened to allow part removal.  Hardness testing including 
Rockwell 15X, 15Y and 15N did not produce any relevant data and nearly all 
samples tested were simply fractured. 
The relative effect of binder loading for an all-phenolic binder system was 
identified.  12% (by weight) of binder, even with unground and unmilled phenolic, 
yielded a powder with visibly inhibited flow characteristics.  Higher loadings also 
featured more cracks from shrinkage in the parts, but the pieces were harder.  The 
best strength while often maintaining unbroken parts was with 8% phenolic by 
weight. 
3.3.4  Heat Transfer Analysis 
Using the method described in Section 3.2.4, the temperature rise of the 
powder under the laser was estimated.  In addition, the effect of an entire curing 
exotherm from the phenolic was also examined as seen in the table below.  The 
curing reaction was not significant enough to promote significant thermal 
spreading or auto-catalysis of its own curing reaction.  The estimate of curing 
energy was taken from the DSC of phenolic only while the mixtures showed a 
lower energy per unit of phenolic.  At the center of the beam the temperature 
would be higher than this estimate. It would also be higher if the rastering heated 
the powder during adjacent sweeps of the laser.  The peak temperatures seen 
during SLS scanning of the powder (when the scanned region was within the view 
of the IR temperature sensor) ranged from 120 to 150°C.  However, the timescale 
of sampling was too large to be accurate.  It is also unknown how much of the 
signal is averaged with the cooler regions of the sensor’s viewing area and how 
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much laser energy is reflecting into the IR sensor directly.  The estimates from the 
table below are considered low since the beam width of 450µ (.017”) represents 
a multiple of 2.5 to 5 times the scan spacing seen during SLS processing. The 
model (for PMMA coated SiC) developed by Nelson et al. (1995), predicted 
surface temperature peaks (above ambient) that ranged from 130 to 180°C for 
scanning parameters ranging from 8W with 0.005” spacing to 12 W with 
0.003” spacing.   
Table 11  Powder Heat Estimate 
Beam Speed (in/s) 49.5 Volume (mm^3) 127.74
Scan Spacing (in) 0.004 Mass (g) 0.10
Ambient Temp (°C) 73 Single Scan Temp (°C) 140.20
Beam Power (W) 10 Single Scan Delta T (°C) 67.20
Specific Heat (J/kg*°K) 774
Absorptivity (%) 50 Curing Energy (J/g of mix) 7.22
Specific Gravity 1.505 Delta T (w/ curing) (°C) 9.70
Inpu t s Calcu lat ions
 
 
The next piece of the puzzle was to explore the effective thermal 
conductivities of various powders using the relation found in Equation (24).  The 
effect of particle size, powder density and several materials can be seen in the 
following table.  The most striking feature is that large differences in bulk 
conductivity translate into much smaller differences in the effective powder 
conductivity.  Also, coating the SiC particles as described by Nelson, et al., 
(1995), rather than mixing powders resulted in a lower conductivity. 
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Table 12  Effective Powder Conductivities 
k      k ef f
(W/m - °C) @70°C
600 Grit SiC 9.3 0.47 110.0 0.27
320 Grit SiC 29.2 0.56 110.0 0.29
280 Grit SiC w/ 10% Phen 36.9 0.52 99.0 0.28
10% Phen - Untapped Dens. 36.9 0.45 99.0 0.26
PMMA Coated SiC (Nelson et al., 1995) Multimode 0.57 0.03(PMMA) 0.20
Glass Micro-spheres 35.0 0.64 1.1 0.12
Duraform 40.0 0.50 0.3 0.07
Mater ial






The effective conductivity of the 10% phenolic powder was put into the 
model from Equation (22) (heat plume under a scanning IR laser) and built up in 
Excel.  By iteratively varying the value of z0 in the model the maximum temperature 
rise was set to 140°C which represents double the energy density used in the 
estimate above, without the effect of curing.  This number also corresponds with 
the temperature rises modeled by Nelson et al., (1995), which provides a good 
benchmark for the validity of the simpler model used here.  The time to peak 
temperature was similar but did not incorporate multiple passes. The temperature 
decay behavior was almost identical.  The following graphs (Figure 32  and 
Figure 33) indicate that the phenolic easily melts at a layer depth and also show 
that the time at curing temperature is extremely short.  The curing exotherm of 
phenolic as seen during the DSC testing ranged over 40°C which represented 2-4 
minutes of cure time.  More rapid scan rates (to model laser heating) require 
extensive calibration of the DSC instrument and were avoided.  While more rapid 
temperature ramps tend to increase the speed of the cure even a step increase in 
temperature would still require perhaps several dozen seconds for the curing 
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reaction to take place.  Unless there is some type of autocatalytic reaction that 
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Figure 32 Laser Scanned Heat Transfer Model : Temp vs. Time 
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Figure 33 Laser Scanned Heat Transfer Model : Heat Plume 
There is enough energy flow to facilitate bonding between layers, but compared to 
the beam width of 450µ (or 0.017”) is not very significant spreading into the 
powder.  It is expected that the same scale of spreading will occur across the 
powder.  Since the model was built to accommodate a Gaussian beam and the 
spreading seen in the z-direction is below the center of that beam, it was not 
expected that significant spreading would occur with a 10W beam unless the 
effect of adjacent passes of the laser was significant.  Many observations of 
adhesion extending beyond the area scanned were made during actual builds in 
the SLS machine particularly into cavities and the narrow slots designed into test 
parts. 
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3.3.5  SLS Process Development 
Phase 1: Single Layer Scans 
Above 80°C the powder in the tray began to have a faint vapor rising from 
it and it began to cake.  At 100°C the vapor was more visible and the powder 
formed a firm cake.  The range of powers that provided acceptable strength and 
acceptable levels of spreading was from 8-10W (all at 0.003” scan spacing).  
Multiple scans had a small effect, but not nearly as large as even a 10% increase 
in laser power.  No curl or z-direction shrinkage was seen in any scanned regions.  
The lack of z-direction shrinkage indicated that SiC to SiC particle contact was 
significant and that the binder was not providing extensive shrinkage during SLS 
scanning. 
The polyester scanned showed extensive shrinking in the z direction and 
curled readily.  The affected regions extended well beyond the parts especially at 
interior corners.  Where the laser returned to fill in a region of the part there was a 
seam, which was not seen in any of the phenolic/ SiC scans. 
SEM images of two different types of powder may be seen below.  Figure 
34 shows two SiC particles bonded near the center of the image.  At the top 
center there is a large conglomerate of phenolic and SiC particles – which uses a 
relatively large volume of phenolic to bond a handful of particles.  Two smaller 
spots of phenolic which spread out on the surface of the SiC can be seen near the 
bottom-right corner.  The scanned powder pictured in Figure 35, was milled in the 
attritor mill and looks very different.  The phenolic spots cover nearly every 
particle.  It is unlikely that any two SiC particles touching would not have at least 
some adhesion between them.  The amount of phenolic covering each particle is 
very low compared to the volume of phenolic contained in the conglomerate 
shown in the previous figure.  These microstructural observations supported the 
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background discussion favoring smaller binder particles.  The other main feature 
seen in these images is that the sintering rate was high (high surface tension and 
low viscosity) during SLS scanning. 
 
Figure 34 6W Scan of Rolled Powder 
 
Figure 35 8W Scan of Attritor Milled Powder 
Another pair of SEM images indicates the difference in phenolic behavior at the 
center of a scanned region and its edge.  There is a difference in the temperature 
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reached, melt viscosity and clearly the strength of bonding.  Figure 36, shows two 
SiC particles bonded together.  The phenolic is seen to flow along the surface of 
both particles.  The characteristic distribution of small phenolic particles from 
attritor milling is also visible.  Figure 37, on the other hand is from a sample of 
rolled powder and is from the edge of a scanned region.  The lower temperature 
seen in this region is clear.  The phenolic does not extend along the surface of the 
SiC and the bonding does not appear to be as effective. 
 
Figure 36 8W Scan, .003” Spacing 
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Figure 37 High-viscosity Phenolic 
 
 
Phase 2: Initial Complete Builds 
Again, the details of this phase may be found in Appendix 2.  The main 
results the of 8 different build setups is reviewed below. 
4-Layer Build 
Interlayer adhesion was adequate even for low (6W) power.  A double 
scan at 8W is significantly weaker than a single scan at 10W.  The second scan 
does not provide a significant strength advantage.  The time spent scanning during 
a build represents about 80% of the total build time – further diminishing the value 
of double scanning.  Some small fissures were visible along the parts having 8W 
scans and above indicating either some X and Y direction shrinkage or curl within 
the layer. 
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Build #1: Curl versus strength 
With lower bed temperatures curl was seen after 4 layers.  In the 10W 
parts the curl was severe enough to allow the parts to be disturbed by the motion 
of the roller. 
Build #2: Increasing feed bed temperatures 
Feed temperatures were increased incrementally from 30 to 55°C.  
Although the curl decreased with increasing feed bed temperatures, there were 
other issues.  With the feeds at 50°C the feed distance (distance feed piston rises 
to deliver new powder in front of the roller) had to be increased as the powder 
was not covering a new layer completely (it was exhibiting “short feeds”).  At 
55°C there were visible cavities within the feed beds, a thin layer of powder was 
sticking to the roller and there were further problems with short feeds.  The build 
was stopped.  The feed beds had become hard and caked in the middle.  With 
the temperature sensor at the edge of the beds it is hard to determine the 
temperature reached at the center.  It was clear that the feeds should be kept 
below 50°C to prevent caking. 
Build #3: Thicker powder layers/ Duraform config. 
The feeds were set at 40°C and the part bed to 40°C.  Curl was seen as 
fissures at part corners after the 5th layer.  With the part bed set to 55°C the 
beginnings of curl was seen after the 7th layer.  The duty cycle of the right feed bed 
heater was at a higher level than the left – this indicates a problem with the sensor.  
The right thermocouple was found to be lower in the powder than the left.  If the 
right temperature is set lower – this can be mitigated without trying to bend the 
thermocouple.  The thermocouples are easily broken and notoriously difficult to 
replace. 
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Build #4: Wider scan spacing/ different powers/ 8, 9 &10W 
A single layer of parts each with different scanning powers was setup, the 
right and left feeds were set to 35°C and 40°C respectively.  The part bed was set 
to 70°C.  All parts were 0.125” thick and all were successfully made.  Some 
layering was visible on the sides of the parts, but it did not become worse with 
brushing – indicating adequate interlayer adhesion.  All parts were slightly 
warped – especially along the downward facing side due to in-build curl. 
Build #5: Part bed to 75°C 
The first set of logo parts was built along side bend test beams.  They are 
pictured in Figure 38 and Figure 39.  The relative strength of the bend test beams 
may be judged by the apple seen in Figure 38, which was stronger than the 
samples of commercial steel powders bound with a nylon binder donated by 
Harvest Technologies, Inc. of Belton Texas.  None of the parts exhibited curl.  
There was a trade-off between strength and growth of the parts.  The 10W parts 
were stronger, but also had some part growth especially at internal corners. 
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Figure 38 Green Parts – Illustrating Green Strength 
 
Figure 39 Green Parts – Illustrating Scale and Surface Finish 
Build #6: Breakout parts 
Breakout parts with fins and gaps of various sizes were made and 
examined.  This provided a more thorough qualitative analysis of laser power 
versus part growth.  Even at 8W the smallest gaps of 0.020” were filled in.  The 
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10W part filled in the 0.060” and there was a small gap in the 0.080” space.  
The growth of fins was not nearly as pronounced as the filling in of thin gaps.  The 
10W parts were much easier to break out without losing the thinnest fins.   
Build #7: Assessment of part spacing 
The spacing between parts both within a layer (X and Y) and into the 
powder bed (Z) has an effect on the heat loading within the powder.  With too 
many parts too close together it is possible for the powder bed to exhibit behaviors 
similar to higher temperatures in terms of caking and at the same time lower 
temperatures with increased curl.  This was first seen in the loss of several parts 
during this build.  By increasing the spacing of the parts to 0.150” from 0.100” 
the build was completed without incident.  The beams prepared were used to 
examine the carbonization process which is discussed in the following chapter. 
Build #8:  
The final build in the series was for show-and-tell parts and also parts for 
bend testing after a variety of post processing steps, also discussed in the 
following chapter.  These final two builds indicated that a set of basic parameters 
had been established for building parts in the SLS machine.  It became possible to 
set up the machine, observe a few layers and then return when the build was 
complete. 
Phase 3: Breakout Capability, Dimensional Stability and Material Properties 
During the series of builds the effect of altering the scan spacing (to make 
the scanning operation faster was examined).  A 0.500” build was run twice with 
an array of different parts – first with 9W and 0.003” scan spacing and again 
with 18W and 0.006” scan spacing (preserving the same Andrew number).  The 
build times were 9:18 and 5:16 respectively.  Significantly more vapor rose from 
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the scanning front during in the 18W build.  There was also a degradation of the 
feature detail and a slight, but observable increase in part growth at interior 
corners.  The strength of the parts as exhibited by breakout parts (Figure 25) in 
each build was equal.  The build was then run a third time with a laser power of 
15W and a scan spacing of 0.005.”  This provided a balance between build time 
(which was 6:38)    and part quality.  For higher quality, very complex, or finely 
structured parts lower spacing (0.003”) and power (8-9W) was found to be more 
effective. 
To manage the transient effects of machine warm-up and also thermal 
loading from part scanning the temperature was ramped from 77°C to 68°C 
during the series of builds.  This allowed for a tighter spacing between parts, 
which was increased during Phase 2 tests.  The heat loading from scanning can 
be managed via larger part spacing or by ramping the part bed temperature.  The 
most universal ramp began with setting the part bed to 77°C during warm-up and 
then included ramping it down to 71°C in 0.100” (25 layers or about 1:40).  The 
spacing was set to 0.125” in X, Y and Z.  Longer ramps were used for lower 
scanning density builds, but the temperatures were kept the same. 
The outline scan power was also varied during the series of builds.  There 
was an interesting effect when the glass base material was tested, which is 
discussed below.  In the SiC material 4W was universally found to be the best 
outline scan power regardless of interior scanning parameters or temperature 
ramps. 
The dimensional stability of the SLS process for both the glass and SiC 
based parts may be found in Figure 40 and Figure 41 below.  In each figure, the 
y-axis represents a percent change from the dimensions of the original CAD file.  
There is a separate line for the length, width and thickness and overall volume of 
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each part, represented as ‘L’, ‘W’, ‘T’ and ‘V’ respectively. There are software and 
scanning control issues that influence these dimensions as well as material issues.  
Still the trends related to part orientation and scanning power are clear.  The 
comparison between the glass and SiC base material is also interesting.  The 
higher conductivity SiC material had a much larger directional variation.  It is also 
interesting to note that the fractional densities of the parts were significantly 
different.  The tap density of the glass phenolic powder was 0.55 while the density 
of the green parts was 0.58.  In contrast the tap density of the SiC based powder 
was 0.52 and the green parts were 0.44.  The parts produced by Nelson et al., 
(1995) using a multimodal SiC powder with a higher tapped density (0.57) had 
part densities that ranged from 0.44 to 0.46 with similar energy densities.  These 
observations indicate that the influence of the particle shape on the powder 
behavior was compounded during the SLS process.  This is partly caused by the 
roller spreading the powder and the phenolic flowing to bind the particles 
together. 
 
Figure 40 Dimensional Stability in SLS Process for Glass Base 
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Figure 41 Dimensional Stability in SLS Process for SiC Base 
 
Phase 4: Fabrication of Commercial Parts (No Long Term Reliability) 
Although the long term effects and reliability of the phenolic binder system 
were not addressed, several parts were made and delivered to a variety of 
potential customers.  This will also be addressed in the following chapter as each 
of these parts received some type of post processing prior to delivery. 
Other Base Materials 
Graphite and Glass Microspheres were also mixed with phenolic and run in 
the machine.  The graphite material was borrowed from the research project 
performed by D. Bourell and S. Chen, but run with the setup established using the 
SiC base material.  During a single build run in the machine it was found that the 
same temperatures (40°C for the feeds and 73°C for the part bed) were 
appropriate for the graphite as well.  The laser spacing was decreased to 0.003” 
and the laser wattage was ranged from 8 to 10W.  All parts were removable.  
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Higher wattage corresponded with higher strength and the part growth was not as 
extensive as in the SiC material. 
Several runs were completed with the glass as a base material.  The percent 
of phenolic by volume was 30%, in contrast to 21% for the most of the SiC builds.  
The same basic temperature parameters as the SiC also worked for the glass base 
material confirming that the temperatures are primarily determined by the binder 
material.  The temperature ramps developed during the Phase 3 builds were also 
applicable, however, they were found to be more effective when the ramps ranged 
from 35 to 50 layers rather than 25 layers as found with the SiC material. 
When high outline powers (12-20W) were used in conjunction with 
chamber oxygen contents of about 5%, the phenolic blackened creating a laser 
writing effect in the material as seen in Figure 42.  Since this laser writing effect 
did not inhibit part strength or promote curl in the parts, it could be useful in 
keeping track of parts or measuring part tolerances.  To take advantage of this 
effect a separate writing program would be necessary to add lettering instead of 
being limited to outlining parts. 
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Figure 42 Laser Marking of Phenolic/Glass Part 
3.4 Discussion 
3.4.1  Thermoset Binders 
With regard to glass, silicon carbide and graphite powder base materials, 
phenolic powder can be easily dispersed.  In the case of silicon carbide in 
particular, phenolic is easily size reduced either via attritor milling or ball milling 
(using media within a cement mixer).    Under the laser the GP-5546 phenolic 
melts and flows - readily binding base powders into firm compacts.  Those 
compacts compared favorably to currently used SLS binder systems and were 
found to be stronger, opening up the potential for parts with finer features and 
more challenging geometry.  As a binder, phenolic provides an effective and low 
cost material easily processed in the SLS machine. The expected advantages of 
having curing occur under the laser, however, were not realized.  No substantial 
evidence of curing under the laser was discovered.  The first hypothesis of this 
chapter is thus partially supported. 
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Phenolic and most of its derivatives are basically adhesives.  Since at least 
certain types of Novolac resin can be processed via SLS, many different base 
materials can also be used.  Ceramics and graphite were tested.  Graphite, in 
particular is very difficult to bind.  It is expected that few base materials, satisfying 
the powder constraints of SLS processing could not be bound together with a 
phenolic binder.  For lightweight parts hollow phenolic microspheres (as a product 
called Phenoset) or hollow glass microspheres might be very useful.  Flexible 
materials such as silicone powders might also be useful, but might conflict with the 
brittle nature of phenolic. Metal base powder should also be possible.  The 
influence of and desired properties for post processing are discussed in the 
following chapter.  
Returning to the mixing and storage issues highlighted in Figure 21, the 
speed and other features of the mixing method were parameters while the flow, 
dispersion and separation were observables.  Although the attritor mill prepared 
the best powder in terms of dispersion and size reduction, the time and facilities 
costs did not seem to present an overall advantage to using a cement mixer with 
alumina media.  The flow of the powder and tap density was shown to be 
comparable if not superior to the most widely used SLS material for a wide range 
of binder loading and powder preparation techniques.  The separation of powder 
which was identified as a concern prior to the research was not found to be an 
issue since the powder was actively mixed and sifted prior to being loaded in the 
machine. The process of rolling the powder in the SLS machine also mixes it.  The 
strength of the green parts was not tested quantitatively within this research project 
but was instead related directly to an ability to handle the parts.  The fine features 
of the breakout parts were a more direct test of what is actually required from the 
parts.  Green parts from the current research compared very favorably to green 
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parts prepared using the RapidSteel material from 3D Systems.  Parts were 
stronger, but did show more significant part growth.  The flexural testing of brown 
parts by D. Bourell and S. Barrow did establish a flexural strength of 540psi for 
brown parts observed to have similar strength to the green parts (shown in Table 
17 , below).  This compared very favorably with the strength of ~150psi reported 
from the work of Nelson, et al. using a PMMA binder. 
Going forward there are two avenues of binder exploration: 1) pursue more 
curing under the laser and 2) abandon curing as a necessary element of 
processing thermosets within the SLS machine.  Pursuing the first, the GP-5546 
phenolic can be enhanced with the simple addition of salicylic acid.  The effect 
could be explored using a DSC in a couple of ways.  First, a rapid ramp to an 
appropriate hold temperature (perhaps 130°C) would allow the observation of 
relative changes in the curing kinetics in terms of the time for the exotherm to 
expire.  Second the effect would still be visible, though not as clearly characterized 
via more traditional DSC scans.  The amount and effect would require several 
single layer scans and multiple layer builds to determine.  It is likely that there 
would be an effect on the aging of the powder with the addition of salicylic acid.  
Typically curing modifiers are compounded rather than simply mixed.  The key to 
modification is intermolecular contact with the modifying agent, which may be 
difficult to achieve with powder mixing.  Georgia Pacific and other phenolic 
producers might need to prepare sample batches of custom resins.  This might 
support a more extensive analysis of appropriate phenolic materials for SLS 
processing.  Going further still, it is very unlikely that phenolic is the only thermoset 
polymer that can be used in the SLS process.  There is an entire thermoset powder 
coating industry.  Powder coating materials have similar powder size and 
rheological constraints when compared to SLS materials.  For some portion of 
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these materials, curing may not be possible under the laser.  Even so post-
processing or uncured thermosets might still offer useful SLS materials.  The DuPont 
RLP-S9 material should be at the top of the list for the next materials to explore.  It 
is a powder coating resin designed to rapid cure under IR heating. 
3.4.2  Screening Method for SLS Materials Development 
One of the overarching results of this project is the realization of a 
preliminary screening method for new SLS materials.  This grew out of the 
sequence of research tasks performed to examine the thermosetting binder 
material.  Ultimately, the organization of the chapter was organized around this 
concept.  Materials in the SLS machine must be powders with appropriate 
properties and some appropriate portion of the powder must respond favorably to 
laser scanning.  This requires an assessment of powder behavior and the thermal 
characteristics of the material.  It is important to note that traditional DSC analysis 
provides an assessment of the temperature at which melting or curing occur, but 
does not inform the effect of rapid laser heating.  There may be a way to have a 
microscale DSC examine the effects of more rapid temperature ramps.  Following 
this, some understanding of the heat transfer characteristics of the laser scanning 
process is important.  Then the basic parameters of the SLS process can be 
established in the range of process temperatures and laser powers can be 
determined.  More detailed parameters, part spacing, temperature ramps, etc. can 
then be established.  Finally, the reliability and longer term behavior necessary for 
commercial application can be assessed.  These stages can be organized into 
flow chart, seen on the left side of Figure 45.  At each stage the material is either 
fit to undergo additional testing or found to fail the test for SLS materials.  
One of the limitations of the current project was that a range of powder 
formulas has not been examined due to the cost and time associated with 
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preparing large enough volumes of powder to allow for large representative builds 
in the SLS machine.  This was to be enhanced by the creation of an insert for the 
SLS machine allowing for smaller volumes of powder to be used for making actual 
multiple layer parts.  This Small Volume Insert (SVI) was designed and built during 
the course of the research.  The basic idea is to have a smaller cylinder within the 
main bed of the machine that allows all of the controls of the SLS machine to be 
used. The center and feed bed inserts are shown in Figure 43 and Figure 44 
respectively. By the time the SVI was ready the basic parameters for running 
phenolic with SiC and glass base powders had been established.  It was also 
realized that significant characterization of the thermal characteristics of the inserts 
remained to be done particularly in terms of the SLS machine operation still 
retaining characteristics of being an art. 
 
Figure 43 SVI : Part Bed Insert, Piston and Alignment Rails 
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Figure 44 SVI : Feed Insert, Piston and Mounting Plate 
Several additional technical pieces would support a more effective, efficient 
and generalized method for screening materials to work in the SLS machine.  The 
first is to better establish the actual temperature cycles seen by powders in the SLS 
machine via experimental and numerical methods.  This would support additional 
work linking the temperature/ rheology behavior of polymers with their tendency 
to sinter or bind inert materials within the SLS thermal cycle.  With these two 
pieces and a more extensive library of SLS materials it would become possible to 
have a predictive model of SLS processing.  This model (or set of models), could 
be used for a much more effective SLS material screening method.  This and other 
additional development projects necessary are listed in the central column of 
Figure 45.  It would still be necessary to verify the results of the model, but 
developing a preliminary set of operating parameters would not require iterative 
builds in the SLS machine.  Coupled with the SVI, very little time and test material 
would be needed.  The advantages of more rapid materials screening and 
development for SLS are clear, but this would also facilitate work with higher cost 
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materials than are currently feasible with material consumption in the machine and 
the large minimum material requirement.  It is also often the case that samples of 
experimental new polymers or custom polymer blends can be obtained either in 
samples of less than 5lb. or more than 1000lb.  The intermediate amounts of 
several dozen or several hundred required for current SLS development activities 
are not generally supported. 
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3.4.3  SLS of Thermosetting Materials 
Looking at the patent claims on the current SLS material patents a certain 
conventional wisdom about the SLS process can be assembled. The conventional 
wisdom is that semicrystalline organic polymers, having a significant difference 
between melt and recrystallization temperatures represent the best materials for 
SLS processing.  Thinking instead of rheology, heat transfer and a sintering 
potential opens up the potential material set available to SLS. 
When asked to list the most important things required of new SLS material, 
a representative of Boeing listed high temperature resistance, flame retardance 
and low cost.  The advantages of thermoset materials, in general, are high 
temperature resistance coupled with low cost.  Many of them are also inherently 
flame retardant.  There is a clear opportunity in creating SLS parts from 
thermosetting polymers alone (not just as binders). 
Phenolic is not a likely candidate as it emits a vapor during SLS processing, 
exists as a brittle powder and forms a brittle solid.  Other types of materials, such 
as powdered epoxies or cyanate ester would offer better material properties.  It 
was also suggested by engineers at Cymetech that Poly-Dicyclopentadiene, a 
polymer used to form large high-impact resistant parts for trucks and snowmobiles, 
as an example, could be prepared in a powdered form. 
The best type of thermosetting material for SLS would be one for which the 
laser initiated a curing reaction rather than having high temperature necessary for 
curing to occur.  With this type of system the region scanned would continue to 
cure after the laser had scanned the surface.  This might be some type of A/B 
material that is mixed under the laser.  One part could be coated over another as 
an example.  Upon melting these phases would mix and cure.  There are single 
component silicone materials that contain an inhibition chemical that changes into 
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a curing catalyst when heated.  Perhaps a similar chemical system could be found 
in a powdered form. 
3.4.4  Toward Rapid Manufacturing 
The overarching context for the entire research project was to think in terms 
of rapid manufacturing, which will be explored in the following chapters.  In this 
chapter, however, there were several relevant issues.  The first is the need for more 
capable materials and a wider variety of materials.  Thermoset binders, and even 
phenolic specifically, are stronger binders than current industry standards.  They 
are effective with a wide variety of base materials or mixtures of different base 
materials.  Laser marking might also be a very desirable feature in terms of 
identifying parts. 
It is clear from the current work that the while the current embodiment of the 
SLS machine is capable of making a variety of parts, it was not created to support 
manufacturing.  The temperature differences across the powder beds, changes in 
thermal cycle due to the scanning method and large time-scale transients do not 
support the level of reliability and ease of use necessary for manufacturing 
operations.  Rapid manufacturing will not be realized if the part geometry changes 
by several thousandths depending on part orientation, placement in the bed and 
order in which it is scanned relative to other parts being built simultaneously.  
Other possible improvements to the machine are clearer in terms of the costs of 
producing parts using the SLS process which is reviewed in Chapter 5. 
None of the parts produced during the tests described above were strong 
enough directly from the SLS machine to be prototype parts or certainly to be used 
as a finished product.  They required additional post-processes to enhance their 
mechanical properties.  The post-processing examined during the course of the 
research is discussed in the following chapter. 
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Chapter 4 Post Processing of SLS Parts 
 
Figure 46 Post Processing Operations for SLS Preforms 
In this chapter several processes are described that add value to the green 
preforms described in the previous chapter.  Many different types of manufacturing 
processes are often followed by additional steps to prepare finished, fully 
functional parts.  Flashing is removed from molded parts, machined parts are 
deburred and finished and both types of manufacturing processes are routinely 
followed by heat treatments, surface treatments or coating processes.  These 
processes improve the accuracy, surface finish and materials properties of 
manufactured parts.  Commercially prepared SLS are similarly post processed.  
Nylon parts are sanded and bead-blasted.  CRP Technology 
(www.crptechnology.com) offers a family of SLS materials called Windform.  In 
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nylon SLS parts, these materials can be finished to a surface smooth enough to be 
used for F-1 racing components.   
In other cases post processing of SLS parts is used not just for material 
improvement but to create significantly different material composition.  Many 
materials currently used in the SLS industry form porous parts (herein described as 
green parts) which are subsequently infiltrated to form a final material 
composition. The concept of using SLS for the object shape and subsequent 
processes for material properties is called “Indirect SLS.”  This is a common 
strategy used for commercial SLS materials.  Castform is infiltrated with wax to 
create a solid part which can then be sanded to a smooth surface and used for 
lost-wax metal casting.  Somos 201 is infiltrated with polyurethane for toughness 
and color while preserving flexibility.  The steel powders are held together by 
nylon binders and with a bed of alumina powder providing transitional support, 
infiltrated with bronze.   
The current chapter describes two infiltration processes.  The first is 
infiltration with functional polymers such as epoxy.  The second involves a high-
temperature furnace and free-standing, spontaneous infiltration with silicon as an 
example of metal infiltration.  This particular infiltration process includes the 
simultaneous, reactive formation of additional SiC. The work with the two 
infiltration methods supports three different hypotheses within this chapter: 1) 
Polymer infiltration is an effective method of producing indirect SLS parts with 
properties not obtainable via current SLS methods; 2) By using a char-yielding 
polymer, high-accuracy, free standing, spontaneous infiltration may be achieved; 
3) Indirect processes form a flexible rapid manufacturing platform capable of 
supporting a variety of material systems. 
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4.1 Background 
4.1.1  Infiltration of Porous Compacts 
The dynamics of fluid wicking into porous compacts is a mature, well 
understood subject.  Here, the equations were taken from German, (1989), but 
many other sources exist on the subject. Equation (27) is called the Washburn 
Equation, and provides a relationship between the height the fluid has wicked into 
the porous compact, h , and the time, t . In this equation pd , is the average pore 
size, ρ  and μ  are the density and viscosity of the fluid respectively.  With a 
simple wicking test the time and wicking height can be measured for a particular 
fluid and porous compact combination and related to unknown parameters of the 
materials using the following equations.  The maximum height the fluid will reach, 
maxh , may be determined from Equation (28).  The relationship between fractional 
density, f , the particle size of the powder, D , and the average pore size is 
shown in Equation (29).  Finally the underlying model for the Washburn wicking 
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One final variable of interest in these relations is the driving surface tension, LVγ , 
which exists only where the fluid/ atmosphere surface intersects dry compact 
material.  This is related to the contact angle, θ , (and therefore the surface energy 
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gradients) between the solid and the liquid material interface. The contact angle 
can range, theoretically, from 0 to 180°.  0° would represent complete wetting 
while anything above 90° would indicate an adverse surface energy gradient, 
requiring pressure to drive an infiltration process.  The contact angles between 
molten metals and ceramics have been experimentally determined and are 
available in a variety of metals processing handbooks, offering an ability to match 
base and infiltrant materials that will facilitate spontaneous infiltration.  The surface 
energies of infiltrant polymers could be used in the same way but are not readily 
found in literature. 
4.1.2  Binder Decomposition 
When heated in an anoxic atmosphere polymers will decompose.  Some 
form entirely gaseous byproducts while others tend to form various amounts of 
carbon ash.  For polymers with silicon in the polymer backbone, silica and other 
ceramics can be a part of the remaining ash or char material.  Crosslinked 
polymers, in general, do not melt since the linkages between chains prevent 
viscous flow.  This allows them to retain greater strength at higher temperatures 
and in many cases to leave a significant amount of ash or char that can still be 
structural even after the polymer has decomposed.  Phenolic polymers crosslink 
and leave between 30 and 75% of their initial weight as carbon.  Both of these 
characteristics have supported the wide use of phenolic for ablative coatings, 
carbon-carbon composites, friction creating and friction resistant materials.  For the 
current work residual carbon is needed to retain the shape created by the SLS 
process during high-temperature processing and metal infiltration.  A preform held 
together by carbon from thermally decomposed polymers is referred to as a brown 
part.   
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Knop and Pilato, (1985), describe two basic stages of phenolic 
decomposition.  From 3-600°C gaseous compounds are evolved including H2O, 
CO, CO2, CH4, and various phenols.  This is accompanied by chain scission (the 
breaking of bonds between the phenol base structures in this case), but relatively 
little shrinkage.  Above 600°C the carbon structure begins to organize into lower 
energy, higher density, and higher conductivity structures.  Gaseous emissions 
continue with CO2, CH4, and H2O but also include benzene and toluene at these 
higher temperatures.  The evolution of benzene and related compounds can be 
captured by filtering furnace exhaust with activated carbon. 
The oxygen in the phenol hydroxy structure in the phenolic chain itself can 
be an oxidation factor even in an otherwise inert environment.  Choe and Lee, 
(1992), describe the evolution of the microstructure during the decomposition 
process mapping both the density and the strength of the resin across the most 
active decomposition temperatures (300-1000°C) and for different ramp rates. For 
all ramp rates the strength of the decomposing resin decreases to 500°C.  For 
ramp rates of 30°C/hr and below the strength increases to between 2.5 and 4 
times the original strength with a 40% unsupported linear shrinkage.  For higher 
ramp rates they observed a continued reduction in strength above 500°C.    Ko et 
al. (2001), observed nearly identical density changes with a minimum at 500°C of 
1.199g/cm3 rising to a density of 1.536g/cm3 at 1000°C.  They further observed 
no increase in strength or density with additional heating from 1000°C to 
2400°C. 
4.1.3  Furnace Operation 
A 2300°C horizontal graphite vacuum furnace was built by The Furnace 
Source, LLC in Terryville, Connecticut.  The furnace features separate purge and 
process gas lines, a mechanical vacuum pump and a Yokogawa programmable 
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temperature controller.  Aside from the controller all main furnace operations are 
manual including purge cycles, cooling water control and gas flow rates.  The 
basic structure of the hot box is a high density graphite bottom plate with large 
graphite heating elements along the side walls.  Surrounding this is a 3” thick low 
density graphite wall which is suspended ¼” inside a steel water jacket.  The 
water jacket isolates the high temperatures and also provides the structure for 
establishing the vacuum. The hot box has dimensions of about 11 x 11 x 16”.  The 
basic concept of the furnace is to dump heat into the center while removing it from 
the exterior of the evacuated space.  After a test firing in Connecticut in December 
of 2003 the furnace was shipped to the University of Texas.  It was installed by the 
UT Physical plant in only 19 weeks. 
The other important features of the furnace concern safety.  There are two 
thermocouples coming through the top of the hot box; one in the center for 
temperature control and another near the top of the right-hand heating element that 
provides over-temperature control.  All ports into the hot box are water cooled 
including heating elements, gas supply, vacuum ports and thermocouple leads.  
The most dangerous situation for furnace operation would be to lose cooling water 
with the furnace at high temperature.  There is a pressure release valve on the 
furnace and the water drain would also release some of the pressure from boiling.  
The supply manifold for the cooling water has several flow sensors that will shut 
down the power if a minimum threshold flow rate is not met.  The flow rate used 
for all furnace runs was 58gpm. 
The temperature controller is a Yokogawa Green Series UP550.  A manual 
for this controller may be found online.  The temperature cycles may be managed 
using a computer with an associated LL100 software package.  The other useful 
feature is that the controller can set its own PID settings for each of several set point 
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temperatures.  The controller will automatically scan through the set point to 
determine the best parameters for temperature control at that temperature.  This 
feature is especially necessary as the transient behavior of the furnace is very 
different at 500°C and 1500°C, as an example. 
4.1.4  Reactive Infiltration of Silicon 
When liquid silicon (Si) meets carbon it reacts to form silicon carbide (SiC).  
When a porous SiC preform (with 320grit SiC powder) is placed in contact with 
liquid silicon, the silicon has been calculated to have a maximum wicking height of 
2m (Wang, 1999).  The concept examined in the related previous research at UT 
was to provide molten silicon to a brown part so that a fully dense composite of Si 
and SiC can be formed. The best embodiment of this process would be the growth 
of new SiC in place of the structural carbon, as illustrated in Figure 47.  Building 
from a review of the literature, there are several significant challenges to be 
overcome in practice. 
 
Figure 47 Diagram of RBSiC 
New SiC SiC  
Si 
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 A rather significant ~116 kJ/mol (~2600 J/g) is released when this 
reaction occurs (Rajesh and Bhagat, 1999).  To put this into perspective the 
phenolic examined in Chapter 3 exhibited a curing exotherm of only  72J/g.  
Wang, (1999), observed a local temperature increase of 400°C.  This heat of 
reaction, which changes based upon the structure of the carbon, influences the 
infiltration parameters (especially the melt viscosity and solubilities), formation of 
SiC and several characteristics of the final parts. This combined with the significant 
changes in permeability observed by Rajesh and Bhagat, (1999), indicate an 
influence on wicking kinetics and therefore final composite microstructure based on 
temperature at the onset of wicking. Introducing molten Si rather than allowing Si 
to melt near the preforms is expected to support more rapid and more effective 
infiltration. SiC formation from “solution reprecipitation” due to the increased 
exposure of C to Si melt, likely due to carbon diffusing from higher temperature 
regions of the Si melt and supersaturating others leads to rapid SiC growth.  Favre 
et al., (2003), observed similar significant SiC growth at the liquid atmosphere 
boundary, away from the interface between carbon and silicon which they 
attributed mainly to the diffusion of CO(g) to the SiC grains within the Si melt.  
Figure 48 illustrates this behavior. The effects of heat from reactions, dissolved 
carbon and other transport phenomena all influence the processing of RBSiC via 
melt infiltration. If the Si is introduced to the preform as a melt, the main SiC 
formation occurs within the first minute of contact and proceeds to a stable 
thickness of 10-12 µm at carbon surfaces (Favre, et al., 2003).  After this thickness 
has been reached further growth is inhibited by the extremely low diffusion of 
carbon or Si through SiC.  High compression forces at the grain boundaries cause 
crystals to break away, causing periodic growth and local breaks (Favre, et al., 
2003). These breaks obviously can cause a sudden exposure of carbon to Si and 
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also cracks in the carbon surface itself.  These effects are also illustrated in Figure 
48. 
 
Figure 48 SiC Formation 
A thorough understanding of the wetting characteristics and the driving 
capillary action from the previous work coupled with a newly available model of 
transient permeability within preforms for reaction-formed SiC materials (Rajesh 
and Bhagat, 1999) provides insight into the expected infiltration mechanics.    In 
small capillary channels the growth of SiC can choke off the subsequent flow of 
liquid Si.  SiC growth can also occur in other regions where liquid saturation or 
gas-phase (specifically Si(G), SiO(G) CO and CO2)  transport supports growth.  The 
quick initial boundary growth and the liquid surface growth are both promising 
SiC formation avenues.  Unless the furnace used for the work has a diagnostic 
capability for the actual atmospheric composition during operation, any gas-phase 
SiC formation paths would be unknown.  The obvious reaction is the first one listed 
in Figure 49.  The other reactions listed involve gas-phase reactants.  The last 
reaction in the list described the reaction for the Acheson process which is used to 
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1500°C.  For some of these reactions the products of one are the reactants for 
another creating a complex SiC formation system.  
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Figure 49 Common Reactions for SiC Formation 
Compared to sintered SiC, a composite material retaining a silicon matrix 
(such as reaction-bonded SiC) has weaker the mechanical properties and a lower 
service temperature (Paik et al., 2002).  The behavior of RBSiC is dominated by 
the failure of the Si matrix (Fernandez et al., 2003).  This influence is also seen in 
weaker acid resistance and fracture toughness.  The sintering study by Suyama et 
al., (2003) generated a remarkably strong sintered material by, “controlling the 
residual Si size under 100 nm.”  Fernandez, et al., (2003) also observed a 
significant strength when a continuous SiC structure from carbonized wood was a 
feature of the infiltrated material.  Another strengthening mechanism was noted by 
Dyban, (2001 & 2002) and Paik, et al., (2001) where larger SiC particles 
(~100µ) maximized the connection of SiC to SiC within the structure of the 
infiltrated material.  Paik, et al., 2001, and Basu, et al., (1999) (who reported 
sintering reactions at as low as 1400°C) also used phenolic as a carbon source 
and binder in the preparation of reaction bonded silicon carbide.  Clearly the 
characteristics of the finished parts are strongly dependent upon the structure of the 
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preform parts. Overall, the literature indicates that a very capable material may be 
made, especially if an interconnected or at least touching SiC phase can be 
established.  For a more comprehensive treatment of the fabrication methods and 
applications of silicon carbide see Roewer, et al., (2002).  
4.1.5  Toward Functional Matrix Composites 
If other metals were wicked into the preforms, a process called “Liquid 
Phase Sintering”, particulate reinforced metal matrix composites would be formed. 
For combinations having an appropriate relative surface energy gradients free 
standing, spontaneous infiltration is possible allowing the shape of the article to be 
preserved during the infiltration process without special tooling.  As an example 
molten iron or cobalt have a contact angle of 0° when in contact with Tungsten 
carbide indicating very strong spontaneous wicking.  Titanium and aluminum will 
both wick into silicon carbide with careful avoidance of oxygen. The advantages 
of SLS processing could be extended to a set of very capable materials.  The 
formation of additional SiC during infiltration (promoting reaction bonding) is 
another important feature of the current process.  Titanium, as an example, also 
forms a stable carbide when the melt encounters carbon.  Aluminum instead forms 
unstable carbide that reacts with atmospheric moisture, leaving surface defects in 
finished parts.  Ultimately, there are three issues that govern the success and 
behavior of liquid phase sintering; 1) the surface interactions between the powder 
and the melt, 2) relevant chemical reactions and 3) the evolution of material 
microstructure.  The microstructural evolution is a more complex subject, beyond 
the scope of the present work.  There is a wide array of research describing the 
effects of base material size, reaction infiltration, multimodal particle sizes and 
other characteristics on the final properties for many different types of material 
combinations.   
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In terms of preparing products from SiC powder (with an appropriate 
binder) it is possible to pursue a high SiC content finished part by adding carbon 
during intermediate infiltrations with carbon yielding materials.  On the other hand 
40% loadings of SiC powder are common for commercially prepared SiC 
composites. This indicates that the SiC powder tested in the previous chapter 
would naturally settle to an appropriate fractional density for these types of 
material systems.  Phenolic-matrix composites are prepared with reinforcement 
loadings of up to 75% by weight (with materials of similar density). 
Table 13 , below lists the properties of several ceramic and metallic 
materials from a variety of sources.  The key comparisons are the contrast between 
pure SiC and RBSiC and the high thermal conductivity of the SiC materials.  
Table 13  Ceramic and Metals Material Properties 
Mater ial
Dens it y  
(SG)
Tensile 
Modu lu s   
(GPa)
Flex u ral 





 Sof ten . 
Tem p. (°C)
Silicon Carbide 3.1 >400 550 120 2800
RBSiC 2.9 200-375 40-450 110 1375
Alumina 3.69 300 330 18 1925
Aluminum 2.7 62-70 240 150-210 550-650
Steel 7.8 ~195 750-2500 15-35 300-650
Titanium 4.43 114 - 22 1660  
4.1.6  Research Task 
The research tasks associated with this chapter are broaderin some respects 
than in the previous chapter.  In line with the themes listed in Section 4.1.1 of this 
chapter, the first task is to establish an appropriate understanding of polymer 
infiltration and curing using a variety of infiltrants.  The curing task is tied to the 
curing of the phenolic binder discussed in the previous chapter.  Next, the issues 
associated with free standing, reactive infiltration are explored by using silicon 
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infiltration as an example.  Finally these results are applied to the overall 
discussion about rapid manufacturing and to the concept of a platform for a 
variety of different functional materials. 
Figure 50 is similar to the diagram introduced in Section 3.1.5 and outlines 
the variables and observable characteristics for the post processing stages that will 
be discussed below.  It is possible to leave out the intermediate machining step if 
improved dimensional tolerances or surface finishes are not desired. 
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Figure 50 Post Processing Variables 
4.2 Method 
4.2.1  Polymer Infiltration and Curing 
The examination of polymer infiltration covers a variety of polymers and 
infiltration methods.  The different methods of infiltration are listed below.  Next, 
the polymers tested and their basic properties and curing cycles are outlined. 
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Infiltration Methods 
1 – Drip: This term describes applying the infiltrant to the outer surface of 
the part using a dropper, as an example.  The infiltrant is allowed to soak into the 
part and is added until the part is uniformly wetted and the soaking of newly 
applied infiltrant becomes very slow. 
2 – Dip: Predictably dipping is soaking the parts in infiltrant.  At least the 
top surface of the part should be kept dry to allow air to escape during the 
infiltration process and to provide a gauge of progress. 
3 – Wick: Similar to dipping, but with only the bottom surface of the part in 
contact with the infiltrant.  This method was used to examine the relative speeds of 
infiltration for different polymer infiltrants. 
4 – Vacuum Bag: In this method the part is sealed in a small plastic bag 
with two valved tubes attached.  One is provides an inflow for the infiltrant while 
the other is attached to a vacuum pump. After the bag is evacuated infiltrant is 
allowed to flow into the evacuated bag from one end to another driven by 
additional vacuum pumping.  The bag is then removed.  The purpose of this 
method is to promote complete and rapid infiltration. 
5 – Vacuum Soak: In this method the part is immersed in infiltrant 
completely.  A surrounding chamber containing the parts and the container of 
infiltrant is slowly evacuated.  Pumping is stopped when bubbles begin to appear 
in the bulk infiltrant fluid – indicating the vaporization of solvents in the infiltrant.  
The chamber is held under vacuum for several minutes to allow bubbles to 
dislodge from the parts and rise to the surface.  At this point, only a small amount 
of infiltrant has penetrated the part.  When the chamber is repressurized the 
infiltrant is forced into the part from all directions – leaving a small void at the 
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center of the part.  Similar to using a vacuum bag, the purpose is to increase the 
speed of the infiltration process. 
Infiltrant Polymers 
 Polydicyclopentadiene (DCPD) is a thermosetting polymer that has a very 
low viscosity (similar to glycerine) in its uncured state.  The curing process occurs 
after mixing a Ruthenium-based crosslinking agent into the liquid.  The base 
material is very pale yellow while the crosslinking agent darkens it to a yellow-
amber color.  The polymer has a variable pot-life from about 30 seconds to about 
15 minutes depending one the formulation of precursor and crosslinking chemistry.  
The mixed liquid gels and then rapidly hardens with very little volume change over 
the liquid state.  Curing is strongly exothermic and several ounces of polymer will 
evolve enough heat to reach 180°C-200°C and completely cure.  Infiltrated parts 
divide the bulk DCPD and also add thermal mass which tends to limit the auto-
curing. The polymer has a very strong, sweet, unpleasant aroma in its uncured 
state which is only removed at a completely full cure.   
DCPD from Cymetech was infiltrated into several green SiC preform parts.  
The drip, dip and vacuum bag methods were examined. The infiltrated SiC parts 
were expected to reach only a partial cure spontaneously due to the thermal load 
of the SiC itself and were post cured in an oven at 140°C for 80minutes.   
Two different types of epoxy were examined.  Both were chosen for their 
relatively low viscosity, long pot lives (~1 hour) and high solids content (lack of 
solvents) compared to most epoxies Even so their viscosities resembled Karo® 
syrup.  They were both two-part resins that featured room-temperature curing with 
more rapid and complete curing at higher temperatures.  The first was System 
Three Clear Coat.  After curing the resin is designed to be colorless and nearly 
clear.  It has a heat deflection temperature (often considered the maximum 
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continuous use temperature) of 127°C.  Additional information about the material 
may be found at the System Three website (www.systemthree.com). The material 
will reach a full cure at room temperature in 7 days or a more rapid 4-hour cure at 
70°C.  The second epoxy was BJB TC-1622 A/B, a higher strength and higher 
temperature (177°C) two-part epoxy.  The fully cured resin resembles butterscotch 
candy.  This resin partially cures and hardens at room temperature, but heat (66°C 
and 120°C for two hours and 177°C for 2 hours) is needed for a full cure.  The 
final yellow color is seen only after the final higher temperature soak.  Additional 
information is available through the company website, (www.bjbenterprises.com).  
The curing behavior of epoxy can be modeled in the same way described for the 
phenolic in the previous chapter as described by Montserrat and Málek, (1993). 
Green parts with SiC and glass base materials were infiltrated using both 
epoxies.  A more extensive study was conducted with the BJB material which 
included dimensional stability testing, outlined in the following section.  Parts were 
infiltrated by wicking, dipping and vacuum soaking. 
Imprex (www.imprexusa.com) is a company that specializes in low-viscosity 
thermosetting infiltrants. The infiltrant tested was Imprex 95-1000A Superseal 
which cures to a clear and flexible final form.  Its final form has strength similar to 
that of styrene (the material used in disposable wine glasses), significantly lower 
than the BJB Epoxy.  It is a single component resin.  The curing cycle can be 
accomplished over 3-6 hours at a relatively low 80°C, but no curing occurs at 
room temperature.  The low viscosity comes in part from solvents. 
Similar to the epoxies, glass and SiC base material parts were infiltrated.  
Brown parts were also tested for comparison.  Parts were infiltrated using the dip, 
drip and wick techniques outlined above. 
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One specific test was performed to quantify the spontaneous wicking of 
Imprex and BJB Epoxy into SiC base parts. Both infiltrants were wicked into 1” SiC 
base material cubes.  After 1, 2 and 5 minutes of wicking the height of the each 
infiltrant was measured to obtain the unknown surface tension.  This was put into 
Equation (27) to allow height versus time graphs to be prepared for the two resins. 
Phenolic Curing 
As discussed in the previous chapter, the phenolic was not cured 
significantly under the laser of the SLS machine. The phenolic would instead be 
curing at the same time as the infiltrant polymers.  There were three issues 
expected.  The first was the outgassing of the phenolic curing reaction.  The 
second was due to the fact that without a significant cure the phenolic would begin 
to soften at 70°C, lower than the curing temperature of several of the infiltrants 
studied.  This same issue was addressed in terms of the furnace testing to be 
discussed in the Section 4.2.3.  The final issue was adverse chemical reactions 
with or solubility in the infiltrant materials which can contain solvents.  Uncured 
phenolic is soluble in alcohols and aromatic solvents (such as benzene, xylene and 
toluene). 
A quick curing examination was carried out in a standard lab oven at 80, 
90, 100 and 160°C.  Green parts (5” beams, 1/8” thick, 0.5” wide) were 
suspended between stainless steel blocks and observed at appropriate intervals. 
4.2.2  Dimensional Stability 
As introduced in the previous chapter, 0.5 x 0.5 x 2.5” bars were built to 
examine the dimensional stability of the SLS and infiltration processes.  The bars 
were oriented in both the X and Y directions within the SLS machine and had 
different laser powers.  The parts were distributed randomly within the part bed.  
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The first set of tests was completed with glass powder as the base material.  A 
more focused study was then completed with SiC base material.  The length (long 
dimension), width and thickness (aligned in the Z direction of the part bed) were 
measured for all parts before and after infiltration with the BJB Epoxy.  The 
complete details of the part setup may be found in Table 22  and Table 23  in 
Appendix 1. 
4.2.3  Surface Preparation and Machining 
Parts were filed and sanded in green, polymer infiltrated and silicon 
infiltrated conditions.  Filed and sanded surfaces of green and polymer infiltrated 
parts were examined after being processed in the furnace into brown and silicon 
infiltrated parts. 
4.2.4  Mechanical Testing 
Mechanical testing consisted of subjective observations SEM analysis and 
three-point bend testing.  Sample beams with glass (5” length, ¼” thick) and SiC 
base materials (5” length and 18” thick) were infiltrated with BJB epoxy.  Fully and 
partially cured samples were examined.  Three point bend testing was completed 
to the ASTM D-790-03 specification. 
5” Green and epoxy infiltrated bend test beams (again to ASTM D-790-03 
specifications) were prepared during the related work of D. Bourell and S. Barrow.  
The parts were bend tested to examine the strength of the final RBSiC material 
produced during this project. 
4.2.5  Furnace Processing and Metal Infiltration 
Before the more sophisticated graphite furnace was installed molded 
compacts were carbonized (the binder was reduced to carbon) in a tube furnace 
with a Nitrogen forming gas (4% Hydrogen) at 700°C.  Compacts were placed in 
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alumina boats.  The boats were placed in a cold furnace and the temperature was 
raised at 50°C/hour to a final temperature of 700°C, which was held for 2 hours.  
The furnace was allowed to cool naturally and the flow of gas was limited to about 
1scfh (by setting the flow to have 2 bubbles per second in an outbound water 
flask) after an initial purge of 5scfh for 5 minutes.  The ends of the tube were 
sealed with appropriate clamps and gaskets. 
Phenolic powder was packed into one of the molds used to characterize it 
as a binder.  During curing it expanded from outgassing to resemble a loaf of 
bread.  One half of the cured phenolic was placed into the graphite vacuum 
furnace and carbonized to 1100°C.  The structure of the part was observed using 
an SEM and also measured to assess the weight loss and shrinkage due to binder 
decomposition. 
After the graphite furnace was installed, process gas connections were 
setup so that one bottle could be attached to both the purge and process inputs.  
Before each run the furnace was sealed and pumped down to below 5mtorr, 
purged and repumped at least once.  The purging cycle used most of the process 
gas during operation.  After running a drying cycle soak of 500°C for one hour 
followed by 700°C for 3 hours (to remove the water from the walls of the furnace), 
the furnace was setup for the initial infiltration test.  Water dissociates at high 
temperatures (above roughly 1200°C) becoming a source of oxygen 
contamination. During the initial infiltration run the cooling cycle of the furnace 
was monitored which allowed the numbers to represent cooling with a thermal 
load present..   
Next, a set of green parts were placed in graphite crucibles along with 
125% of the silicon metal necessary to fill the voids of each part.  The graphite 
crucibles were sprayed with Boron Nitride mold release to prevent silicon 
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infiltration.  This setup may be seen in Figure 51.  The bottom plate, rear wall and 
heating elements are also visible in the image.  The left, rear part has been 
notched with a file to test the effect of intermediate machining.  The bars in the 
foreground were setup to provide the most aggressive test of part slumping. 
 
Figure 51 Setup for Furnace Infiltration (Si is arranged within the crucibles) 
The initial temperature cycle was borrowed from the runs completed at the 
University of Rhode Island during the previous research (Wang, 1999).  It included 
5 steps (listed below) and both Nitrogen and Argon were used as inerting gases 
during separate runs. 
  1 – Room Temperature to 450°C:  90min 
  2 – Hold at 450°C:    30min 
  3 – Ramp to 1650°C:    120min 
  4 – Hold at 1650°C:    90min 
  5 - Shutdown  
 
The parameters of the temperature cycle evolved during the series of 
furnace runs that followed.  After each run the parts were observed and changes 
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were made to the cycle.  That evolution pursued the appropriate temperature 
cycles for 3 main phases; curing (ambient – 200°C), polymer decomposition (300-
1100°C) and infiltration (1420-1600°C).    The temperature cycle also had to 
address several overarching issues.  The first of these is that there are long term 
advantages to having the total cycle, including the cooling, have a length that 
allows one-day turn-arounds.  The other issues identified were exposure to oxygen 
contamination and also an appropriate temperature cycle for SiC formation.  The 
relative amount of silicon was also altered during the runs. 
The parameters for the polymer decomposition came from the literature 
discussed in the background section above.  In particular, later ramps were held to 
30°C per hour from 3-500°C.  The ramp from 500-1100°C was run from 
100°C/hour up to 300°C/hour. 
A variety of approaching ramps and soaks were examined for the 
infiltration phase.  This included rapid ramps from 1100°C to the peak 
temperature as well as soaks just below the 1420°C melt point of silicon.  In all 
cases the ramp from the melt point to the peak temperature was rapid, 
1000°C/hour as an example.  The peak temperatures were tested at 1550, 1600 
and 1650°C.  Peak temperature soaks ranged from immediate shutdown to 1 
hour. 
Different types of fixtures were also explored.  This included vertical and 
horizontal orientation and several different types of supporting pieces and part 
features to support infiltration.  Graphite crucibles and graphite plates were used 
to prevent silicon contact with the furnace base plate. 
In addition to the silicon infiltration that is outlined below two other metals 
were tested.  By changing the peak temperature, iron was melted in proximity with 
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a part.  It was not expected to infiltrate due to the adverse surface energy gradient 
that exists between iron and SiC.  Other parts were placed into a nitrogen-inerted 
furnace used for commercial bronze infiltration into steel SLS parts.  These parts 
were buried in alumina powder prior to being placed in the furnace. This allowed 
the bronze to be placed atop the parts to examine a gravity feed for a milder 
adverse wicking situation. 
4.3 Results 
4.3.1  Polymer Infiltration and Curing 
Several properties of the infiltrants examined may be found in Table 14  
Essentially, two low and two high viscosity materials were tested.  This had a large 
effect not only on the amount of time required to perform the infiltration, but also 
the difficulty associated with handling, storage and cleanup.  The basic procedure 
for wicking, regardless of method used, included removing the excess material 
from the parts before placing them in the oven for curing.  This was accomplished 
using paper towels and typically took longer than the infiltration itself.  It also 
required carefully putting some of the fine features of the parts tested in contact 
with the paper towels.  Fine feature breakage was a problem.  Lower viscosity 
materials did not require contact on all surfaces to remove excess material. 
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Table 14  Polymer Infiltrant Information 
V isc. P ot  L ife
Company Description (cp) (min) (°C) (Minutes)
System 3 High-clarity Epoxy 600 120 70 240
BJB High-strength Epoxy ~750 45 177¹ 300
Imprex 100%-solid semi-elastomeric polymer 1 360 106 60
Cymetech Ruthenium catalyzed DCPD 3 15³ 140² 80
1 BJB recommends a 66°C and 120°C soaks for 2 hours prior to 177°C curing
2 Bulk DCPD is self curing in bulk due to its strong curing exotherm
3 Material tested had a 1min pot life - up to 15 minutes is available commercially
In f il t ran t Cu re
  
The Imprex and DCPD materials did not require either bagged or immersed 
vacuum processing for the small parts tested.  Wicking or soaking allowed parts to 
be fully infiltrated within the 1 minute pot life of the DCPD material tested.  Several 
parts including dimensional stability bars and cubes were made using the glass 
base material and were infiltrated with both infiltrants.  The time and wicking 
height were used to create a curve fit from Equation (27), since LVγ  and θ  were 
not known for these material combinations. The results of this curve fitting 
infiltration study may be seen in Figure 52.  For parts thicker than a centimeter it is 
impractical to simply wick the BJB Epoxy.  The Imprex on the other hand was not 
tested with vacuum aided infiltration since all of the parts tested were rapidly filled.  
Even the slower wicking BJB Epoxy coated the surface of the SiC particles 
completely, as seen in Figure 53.  This image is of the top of a wicked SiC part 
and shows that the Epoxy is drawn to cover the SiC particles completely even at 
the top outer surfaces of the part. 
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Figure 52 Infiltration Model for Polymer Infiltrants 
 
 
Figure 53 BJB TC-1622 Epoxy Coating SiC Particles (at top edge of part) 
Both methods of vacuum-driven infiltration allowed the process to be more 
uniform between parts and in the case of the BJB Epoxy in particular, far more 
rapid.  Using a bag for the DCPD infiltration required building appropriately sized 
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vacuum bags for each part.  These were then cut away and the excess material 
was removed from each part.  With vacuum assistance infiltration could be 
performed closer to the gel state of the polymer. The excess time and part-specific 
bags did not seem to represent a viable infiltration method in manufacturing 
practice since the bags pressed on the parts, limiting the features of the parts to be 
infiltrated.  The other problem was the labor intensive and messy practice of 
building and tearing down the bags.  Immersing parts in the BJB Epoxy proved 
more effective since there was no loading on the parts.  The parts still required 
extensive cleanup to remove the excess material and there was an inherent 
uninfiltrated cavity inside the parts.  The size of the cavity was explored using 0.5, 
1 and 2” cubes, as seen in the halved samples in Figure 54.  The green and 
infiltrated volumes were compared to determine the volume change associated 
with the infiltration process.  The 2” cubes tested had the least variation.  1” and 
0.5” cubes showed a wider range of cavity sizes.  Data from one of the 2” cubes 
examined and representative samples of the 0.5 and 1” cubes may is contained in 
Table 15 .  A more detailed examination of the dimensional stability of the 
infiltration process may be found in Section 4.3.2 , below. 
 
Figure 54 2”, 1” and 0.5” Infiltrated Cubes (BJB TC-1622 Epoxy) 
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Table 15  Vacuum Infiltration Pore Analysis 
Minor Dia. Major Dia
2 102.8% 102.3% 0.488 0.503 6.23%
103.6% 103.3% 0.160 0.240 3.63%
- 103.7% 0.398 0.440 29.93%
- 108.2% 0.156 0.173 13.90%














There were two issues associated with phenolic curing found during the 
polymer infiltration experiments.  The first was slumping.  Uninfiltrated green parts 
began to soften above 80°C.  At higher oven temperatures the parts sagged 
predictably more rapidly and the phenolic became softer.  Attempts to quick cure 
the surface regions with quick soaks in high temperature ovens (at about 200°C) 
did not achieve improved results.  Although the phenolic will theoretically cure very 
slowly at 75°C, soaking parts for several days is not an effective method for part 
production.  For reference parts soaked for over 8 days at 70°C (described in the 
previous chapter) showed a degree of cure of only 0.50.  Fortunately, the epoxies 
and DCPD tested both achieved a partial cure at ambient conditions which was 
capable of supporting the parts through the curing cycle that was appropriate to 
the infiltrant.  The second issue was the outgassing of the phenolic during its curing 
cycle.  If the infiltrant was still pliable and the oven temperature was relatively high 
(>125°C) the outgassing was seen to distort the parts.  As seen in Figure 55, with 
more curing of the infiltrants (in this case simply leaving the part on the left at room 
temperature for 8 hours) and a lower dwell temperature this was not an issue. 
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Figure 55 Aged (L) and Immediate (R) Heat Cure (1” cubes, System Three Epoxy) 
Polydicyclopentadiene (DCPD) 
A monomer aroma was still present on the parts after post curing. The 
infiltrated parts exhibited relatively high strength and 2 x 2 x 0.5” parts could be 
dropped from 6’ onto concrete without visible damage.  This was in contrast to the 
strength of the green parts which was similar to that of firm sugar cubes.  The 
DCPD represented the best infiltrant material in terms of rapid wicking and high 
cured strength.  The actual makeup of the material tested had a 1 minute pot life, 
which was too short for large parts or extensive testing.  The wicking testing was 
done at Cymetech to limit the cost of infiltration and to support the training 
recommended for handling the polymer. 
Epoxy 
The epoxies tested had roughly the same processability.  The BJB epoxy 
showed higher strength in early tests and with a continuous use temperature 50°C 
higher than the System Three material was preferred for more extensive testing.  
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The dimensional stability parts as well as those prepared as sample parts for 
potential customers (both described below) were made using the BJB epoxy. 
Imprex 
Imprex illustrated another potential problem with uncured phenolic – solvent attack.  
Figure 56, below, shows a green beam drip infiltrated on one end and placed in 
a lab oven at 80°C for curing.  Green parts soaked with Imprex were slowly 
softened at room temperature, but quickly liquefied upon heating.  In contrast, a 5” 
brown part did not slump during curing, as seen in Figure 57. While Imprex has 
the most rapid infiltration and was the easiest to handle, the interaction with 
uncured phenolic and the low strength of the final cured polymer made it 
unacceptable for this particular application. 
 
Figure 56 Green Part Partially Drip Infiltrated with Imprex 
 149    
 
Figure 57 Brown Part Infiltrated with Imprex Infiltrant 
4.3.2  Dimensional Stability 
Again, Appendix 1 contains the complete data for the dimensional stability 
testing.  Examples of glass and SiC based parts may be found in Figure 58.  The 
part orientation and scanning power was marked on the upper surface of the parts 
themselves. 
 
Figure 58 Dimensional Stability Beams (0.5x0.5x2.5”) 
Figure 59, Figure 60 and Figure 61 show the volume, density and 
dimensional stability through the infiltration process for the glass parts.  The 
dimensional stability calculations represent the change in dimensions between the 
green and brown parts.  The trend through 8 and 10W is expected, but the 12W 
parts show a much larger difference between X and Y orientation in the infiltrated 
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parts.  The density of the parts decreases with the 12W power as well.  The lower 
density was likely due to inflation of the phenolic due to rapid surface curing 
containing the outgassing from within – which is supported by the carbon structure 
seen later in Figure 73.  The decomposition of the HMTA would also be a source 
of outgassing. If the source of the outgassing were HMTA it would indicate that 
only in the 12W samples did the temperature reach ~147°C.  If that were the case 
it certainly supports the lack of laser-induced curing found in the DSC testing 
described in the previous chapter.  The cause of the increase in volume between 
the infiltrated12X and 12Y samples is unknown.  Regardless, this test suggests that 
12W with a spacing of 0.003” is too high an energy loading since it causes a 
large directional change in dimensions and part density.  Early tests showed that 
this threshold did not happen until 13 or 14W with the SiC base material.  The 
tests with the SiC material were confined to 10 and 12W parts.  The parts swelled 
during the infiltration process adding to the part growth observed during SLS 
processing. 
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Figure 59 Phenolic/Glass Volume Trending 
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Figure 61 Phenolic/Glass Dimensional Stability 
Figure 62, Figure 63 and Figure 64 illustrate the volume, density and 
dimensional effects of infiltration for the higher conductivity SiC material, 
respectively.  The parts actually shrank during the infiltration process which 
removed some of the part growth from the SLS process.  However the infiltration 
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shrinkage was uniform while the dimensional changes from SLS processing were 
more dependent upon part orientation and the width of a particular region being 
scanned.  In terms of the infiltration process alone – an appropriate mixture of 
glass and SiC base material might facilitate an infiltration with very little 
dimensional change.  The directional variation was more significant with the SiC 
base material.  There was higher growth (increased part volume) in the regions 
aligned in the Y direction indicating part distortion. Along with the part growth 
was a variation in density which leads to different material properties in different 
regions of the part.    
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Figure 62 Phenolic/SiC Volume Trending 
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Figure 63 Phenolic/SiC Density Trending 
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Figure 64 Phenolic/SiC Dimensional Stability 
4.3.3  Intermediate Machining 
During the DCPD infiltration testing, a standard metal file removed surface 
material easily to a smooth surface.  Additional material removal required more 
significant pressure and effort.  Similar behavior was found with the Epoxy 
materials.  This indicated the potential of intermediate machining for achieving 
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closer tolerances and surface finish.  The application for such a material might 
include low-energy wear resistance (meaning that local impact was not enough to 
remove SiC particles from the matrix).  RBSiC and MMC’s are notoriously difficult 
to machine due to the inclusion of abrasive ceramic particles.  Even in the case of 
an easily machined matrix there are still concerns from high tool wear due to the 
abrasive ceramic particles.  Still epoxy and the polymer matrix materials exhibit 
brittle behavior which facilitates a better sanded surface finish, but limits the ability 
of machining operations.  Limited ductility in a material causes chipping at part 
edges or limits machining operations to very thin depth of cut. 
A variety of BJB Epoxy infiltrated parts were filed, sanded and ground with 
a standard grinding wheel for steel.  During these operations there was a slight 
phenolic aroma that came from the parts.  Sanding with SiC sandpaper left a 
smooth finish similar to filing and there was also a slowing of progress after a 
smooth surface had been reached.  With SiC base parts, alumina-based 
sandpaper quickly lost its sanding capability.  Improvements in surface smoothness 
were noticed up to 400grit paper which is smoother than sanded SLS parts formed 
from nylon.  Nylon-12 tends to form small filaments during sanding which is the 
same property that facilitates the formation of nylon filaments and fibers.  This 
tends to limit the smoothness achievable.  Grinding left a finish similar to that 
found on ground steel.  The grinding wheel also removed small chips at part edges 
with heavier pressure on the wheel. In all cases glass base parts were more easily 
processed. One SiC base part was machined with a 0.5” end mill, at 0.010” 
depth of cut and at speeds used for aluminum.  Climbing cuts at the edges limited 
but did not stop chipping.  The surface was similar to 240grit sanded surfaces. 
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4.3.4  Mechanical Testing of Polymer Infiltrated Parts 
Following the study of dimensional stability, the flexural strength and 
fracture behavior of SiC and glass-based parts were also examined.  The purpose 
was to establish a means of placing the behavior of the materials in context of 
other polymers and polymer-matrix composites.  The strength of metal infiltrated 
parts is discussed within the furnace processing section below.  The brittle fracture 
behavior of the parts is illustrated in Figure 65.   
 
Figure 65 Dimensional Stability Part – Illustrating Brittle Fracture 
There are several comparisons to be made in Table 16  that put the polymer 
infiltrated material into an appropriate context. First, the strength and flexural 
modulus are both increased with the addition of fiber reinforcement in Nylon and 
ABS polymers.  Next, SLS nylon is weaker than molded nylon, illustrating the 
material property trade-offs currently associated with SLS processing.  Particulate 
reinforcement (with the same glass microspheres used in this project) increases the 
stiffness of the final material to a lesser extent than fiber reinforcement.  Particulate 
reinforcement is not expected to yield significant advantages in flexural strength.  
Then, the strength and stiffness of epoxy may be compared to the infiltrated parts.  
There is a large increase in the stiffness (flexural modulus) similar to the fiber 
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reinforced nylon and ABS materials, but the strength increases only moderately. 
The strength of the infiltrated parts, however, is much higher than SLS processed 
nylon.   Finally, there is a significant difference in part strength based on part 
orientation.  In practice, this will establish different strengths in different regions of 
the part.  The parts were prepared using a 15W laser with 0.005” spacing which 
is a slightly lower power density than the dimensional stability parts which were 
scanned with a 10W beam and 0.003” spacing.  Still the directional density 
variation of the dimensional stability parts was 0.5% while the difference in 
strength seen in the two directions was roughly 15%.  It is clear from the results 
that the epoxy provides the strength while the filler adds stiffness.  The complete 
flexural strength data for the infiltrated parts may be found in Appendix 3.   
Table 16  Flexural Strength Comparison 
Mater ia l
Flex u ral 
St rength  
(Mpa)
Flex u ral 
Modu lu s  
(Mpa)
Sou rce
ABS (Molded) 47.8-107 1606-5903
ABS (40% Carbon Fiber Filled) 152-173 15200-15900
Nylon-12 14-60 260-1600
Nylon-12 (30% Glass Fiber Filled) 134-160 4000-6900
Nylon-12 (Duraform, SLS Processed) ~5-10 1290
Nylon-12 (Glass Filled/ SLS Procs.) - 3300
Epoxy (System Three Clear Coat) 82.7 2590 www.systemthree.com
Epoxy (BJB TC-1622 A/B) 86.9 2620 www.bjbenterprises.com
SiC Base (Soft cure/ X-direction) 74.8 - -
Glass Base (Full Cure/ X-direction) 64.2 16900 -
SiC Base (Full Cure/ X-direction) 105.4 11100 -




The fracture faces of SiC and glass parts were observed after 3-point bend 
testing. Figure 66 and Figure 67 show SiC particles embedded in a BJB epoxy 
matrix. Figure 68 and Figure 69 offer similar views of glass microspheres in the 
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same matrix.  The glass part shows a higher incidence of porosity than the SiC 
part.  Features of brittle fracture are visible on the surface of the epoxy in the 
higher magnification views (Figure 67 and Figure 69).  The effect of different 
particle shapes or significantly different adhesion between the epoxy and the two 
base materials is not seen in these images. 
 
Figure 66 Fracture Face of Epoxy Infiltrated SiC 
 
Figure 67 SiC Particle Embedded in Epoxy (Fracture Face) 
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Figure 68 Fracture Face of Epoxy Infiltrated Phenolic-Glass  
 
Figure 69 Glass Beads and Cavities (Fracture Face) 
4.3.5  Part Analysis by Potential Customers 
There are four main advantages to the epoxy infiltrated parts over nylon-12 
(the most prevalent SLS material); better strength, smoother sanded surface finish, 
higher maximum temperature and lower material cost.  Still, the actual value of the 
material must be measured in terms of its desirability for use in certain 
applications.  As an example, the ventilation ducting for the Boeing F/A-18 (E and 
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F models) is made using SLS technology.  The key material parameter for this 
particular application is elongation and there is far less concern for cost, strength 
or use temperature.  During the course of the research several parts were made to 
get feedback in terms of potential applications for the epoxy infiltrated SLS parts.  
In addition, the polymer infiltration process itself was assessed by current SLS 
industry experts.  Both of these feedback channels helped to assess indirect SLS as 
a manufacturing method.  The parts included both research parts as well as parts 
made specifically for certain applications.  Almost all parts shown to potential 
customers were formed from SiC-base material.  In addition, this effort helped 
incorporate the opinion of SLS experts and end users into the analysis of these 
materials and recommendations for future work. 
Some of the parts used to show the features of the infiltrated SiC parts may 
be seen in Figure 70.  The cylindrical part is a pump seal while the right-most part 
was used for testing the flex strength of silicon infiltrated parts.  The pump seal part 
was finished on all surfaces with 400 grit sandpaper to illustrate the surface 
quality possible with this material. 
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Figure 70 Various Epoxy Infiltrated SiC parts (lettered beams are 2.5” in length) 
Other parts were built from customer supplied CAD files.  Figure 71, shows 
a solder mask prepared for a customer of 3D Systems, Inc.  The part shown is used 
to cover a circuit board during a soldering process so that only certain regions are 
exposed to molten solder.  The side shown goes against the circuit board.  The 
feature detail was appropriate for the application but the unsanded surface finish 
was too rough.  In addition the overall flatness of the part was not accurate 
enough for immediate use (although additional work could correct this).  The use 
temperature of the epoxy was also adequate, but the relatively high thermal 
conductivity from the SiC would cause too much heat transfer to the covered areas 
of the circuit board.  A part with glass, alumina, phenolic microspheres, or another 
low-conductivity base material would be more appropriate for this application. 
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Figure 71 Epoxy Infiltrated Solder Mask 
Figure 72 shows two other files that were made and infiltrated.  The angled stamp 
was a part prepared for Lockheed Martin.  The brittleness of the material did not 
work well with the requirements of a hand tool, but the surface finish on the handle 
was an advantage over the injection-molded version.  In addition the critical 
surface of the stamp itself was easily sanded to an appropriate smoothness.  The 
critical detail and dimensional tolerances of the blower impeller made it a 
challenging part to build, and the SiC base material was too dense for a typical 
blower application.  It was also difficult to ensure that the part was dynamically 
balanced.  The parts were sent to the appropriate companies and were not 
photographed prior to being sent. 
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Figure 72 4” Angled Stamp (L) and 3”OD Blower Impeller (R) 
Finally, the infiltration process for some of the example parts was performed 
at Harvest Technologies, Inc. of Belton Texas.  Experts in their current SLS post 
processing operation were able to observe the infiltration and provide an 
important perspective on the viability of polymer infiltration in terms of current 
industry practice.   The Castform material is dipped in red wax while the Somos 
flexible resin is vacuum soaked in polyurethane.  The dip and vacuum infiltration 
used during this project was very similar.  The handling of the epoxy was similar to 
the polyurethane.  There were no potential problems indicated with regard to 
implementing higher function polymer infiltration into current industry practice. 
4.3.6  Furnace Processing 
Tube Furnace Testing 
The work with the tube furnace shed light on three main areas.  First, 
oxygen contamination is difficult to remove without a good seal at either end of the 
furnace tube.  Even very high flow rates (emptying a T-size high pressure bottle in 
6 hours) cannot make up for an imperfect seal.  Even small amounts of oxygen 
remove measurable amounts of carbon.  Before a specialized seal was placed on 
both ends of the tube the best char yield was 30%.  Afterwards, char yields rose to 
45-55%.  Second, a single layer scan part was carbonized and then examined 
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using an SEM.  Figure 73, shows a carbon structure bridging two SiC particles.  
The lattice structure is likely due to bubble formation during the scanning process.  
The smooth outer surface of this structure is an easily observed trait of phenolic 
and phenolic char in SEM images. 
 
Figure 73 Carbon Structure Between SiC Particles 
Third, a portion of the all phenolic part was also carbonized.  The shrinkage can 
be seen by comparing the phenolic to the carbonized part in Figure 74.  The effect 
of outgassing is clear and as seen in Figure 75, the carbon features are similar to 
those seen in Figure 73.  The width of the phenolic part that came out of the 
0.500” mold (at the bottom of the figure) was 0.461”. The carbonized part had a 
width of 0.393”.   Some shrinkage occurs after the expansion due to outgassing. 
The carbonization process involved an additional 15% shrinkage. This is roughly 
appropriate since Ko, et al. (2001) observed a 22% volume reduction going to 
1000°C instead of the 700°C temperature reached in the tube furnace.   
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Figure 74 Raw and Carbonized Phenolic (Illustrating Outgassing and Shrinkage) 
 
 
Figure 75 Carbonized Phenolic 
 
The brown strength observed in previous research, Wang, (1999), was 
observed to be noticeably higher than the green strength.  The strength observed 
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in brown parts made using the tube furnace was approximately equal to the green 
strength.  This was expected as glassy carbon does not carbonize (or form 
stronger interconnected glassy carbon) until about 1100°C.   
Graphite Furnace Cooling Cycle 
The natural cooling cycle of the furnace (again loaded with parts for 
infiltration) is shown in Figure 76.  The cooling follows an exponential model after 
about 30minutes.  This graph represents an unavoidable step in the infiltration 
heating cycle.  In terms of silicon infiltration it takes 15 minutes for the furnace to 
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Figure 76 Furnace Cooling Cycle 
Brown Parts (Polymer Decomposition) 
One furnace run to 1100°C was run to examine brown parts formed in the 
graphite furnace.  Epoxy infiltrated and green parts were examined.  Parts tested 
from the initial test showed a 53% char yield for phenolic and an 8.5% yield for 
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DCPD.  Epoxy was not assessed for char yield, but is known to have a yield below 
10%.   Figure 77 shows cracked carbon attaching several SiC particles.  Both the 
shrinkage of the carbon and the value of particle to particle contact are visible.  
On the whole the surfaces of the SiC particles were visible and the carbon was 
intermittent.  An infiltrated part on the other hand shows more widespread carbon, 
as seen in Figure 78.  Thin carbon structures wind across the surface of several 
adjacent SiC particles.  It also appears that the surface features of the SiC have 
been smoothed over, possibly with a thin, conformal layer of carbon. 
 
Figure 77 Brown Part Surface Showing Cracked Carbon Features 
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Figure 78 Widespread Carbon Coating Brown Part Particles (from epoxy infil)  
Temperature Cycle Development and Infiltration 
The temperature cycle for the furnace was developed to support three 
phases; phenolic curing, polymer decomposition and silicon infiltration.  Slower 
initial ramps such as going from ambient to 140°C in 3 hours offered small 
improvements over more rapid ramps for green parts.  Fewer of the thin walls and 
cylinders on the breakout parts tended to bend with slower ramps.  With epoxy 
infiltrated parts, on the other hand, 30minute ramps in the same temperature range 
showed no slumping. The transition region between curing and decomposition at 
300°C was spanned rapidly in all cases. 
The 30°C/hr recommended by Choe and Lee, (1992) gave a 6:40 time for 
the ramp from 3-500°C.  However this recommendation was for solid phenolic. 
For green parts and for polymers with lower char yields, the porosity and lack of 
solid barriers to outgassing would allow for faster ramps.  This ramp was reduced 
to 2 hours with no effect observed in component deformation.  Choe and Lee also 
only recommended ramps of 100°C/hour up to 1100°C to allow the carbon to 
form a higher strength structure.  This was initially followed, but again shortening 
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this from 6 to 2 hours did not have a noticeable effect on the amount of slumping 
observed in the parts.  Changing the overall decomposition cycle from the 
recommended 12:40 to the later 4:00 version actually increased the strength of 
brown parts significantly (based on qualitative observations only). 
Since SiC formation is relatively rapid at interfaces of liquid silicon and 
carbon the time above the melt was kept low.  Another consideration was that 
molten metal has a lower viscosity at higher temperatures – and thus more rapid 
infiltration.  Finally, if the carbon is simply dissolved by the silicon then the part 
could slump as it would become a slurry of molten silicon and SiC. Ramps that 
waited at 1400°C, just below the melt point of silicon, before going to 1600°C 
did not show any obvious differences compared to those that simply went from 
1100 to1600°C (usually in 30minutes).  However the prevalence of gas-phase 
formation of SiC, discussed below would favor 1400°C holds.  It was unclear if 
ramping to 1600°C with a 15minute hold or ramping to 1650°C with no hold 
was a better strategy.   
Parts tended to have regions falling into 4 categories; 1) un-infiltrated (dark 
grey), 2) lightly infiltrated (light grey, not shiny), 3) fully infiltrated (shiny surface 
with roughness from SiC particles) and 4) overfilled (smooth silicon surface).  In 
some cases there were also regions that had darker crystal-like regions within the 
over-infiltrated areas.  These tended to form on downward facing areas of parts 
and were more prevalent when the infiltration happened with the parts oriented 
horizontally.  The first three regions may be seen in the part shown in Figure 79.   
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Figure 79 Partially Infiltrated Part (crucible BN coated) 
The silicon infiltration front became visible when partially infiltrated parts were 
bead blasted.  Figure 80 illustrates the structure of the infiltration front within the 
part.  The surface of the silicon has a characteristic roughness and there is a thin 
seam at the interface of the Si and the SiC. The surface of the lightly infiltrated 
region, shown in Figure 81, shows both silicon and SiC at the surface of the part.  
The silicon exists as smooth regions between the SiC particles in contrast to the 
silicon seen at the infiltration front.  There was no evidence of choked flow from 
SiC formation.  The large round chipped region on the surface of the SiC particle 
on the right side of the image is discussed in terms of SiC formation below.  On 
the surface of the silicon there are lighter-colored feather-shaped regions that seem 
to have a similar shape to the grooves seen in the infiltration front, although they 
are more localized.  A closer image of this type of structure may be found in 
Figure 82.  These tended to grow from the center of a large region of silicon or 
from the edges of SiC particles.  The actual material comprising these formations is 
unknown. 
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Figure 80 Si Infiltration Front with SiC Particle 
 
Figure 81 No Luster Surface of Si Infiltrated Part 
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Figure 82 SiC Particle (white) With Si Surface Pattern 
The part in Figure 83, shows both fully and over infiltrated regions.  The 
over-infiltration tended to occur at corners and toward the center of parts.  This 
indicates a likely dependence on both heat transfer and fluid wicking.  There 
seems to be a strong surface force between molten silicon and silicon – which may 
provide the force necessary to draw the silicon to fill large cavities external 
grooves in the parts.  In some cases over-infiltration was much more widespread.  
In many breakout parts silicon filled the cavities between the thin walls across the 
entire part.  The shiny regions of fully infiltrated parts have a different appearance 
in an SEM, which is shown in Figure 84.  In this image, the large darker regions 
are silicon crystals.  The type of material comprising the more irregular interstitial 
regions is not known.  It may be a more amorphous form of silicon or new SiC or 
a combination of the two.  
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Figure 83 Shiny Silicon Infiltrated Part (RBSiC) 
 
 
Figure 84 Shiny Surface of Si Infiltrated SiC Part (Note Feature Scale) 
Infiltration Fixtures 
Several different strategies were used to facilitate infiltration.  2.5” graphite 
crucibles sprayed with Boron Nitride (BN) aerosol were used to support vertical 
infiltrations (Figure 85).  The crucibles held the silicon for infiltration and the BN 
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prevented the silicon from wicking into the crucibles.  More parts were prepared 
by supporting them on 1/8” bend test beams that were infiltrated at the same 
time.  The beams were used to support the parts and enclose an area of a graphite 
plate, again covered with a thin layer of BN.  Examples of parts prepared using 
this method may be found in Figure 83, Figure 87 and Figure 89. 
 
Figure 85 Fully Infiltrated Part with Slumped Features 
 
Slumping During Furnace Processing 
The most difficult problem encountered is part slumping.  Over several 
experiments and from several literature sources four sources of slumping were 
identified; 1) phenolic softening, 2) rapid phenolic decomposition, 3) oxygen 
depletion of structural carbon and 4) silicon dissolving the structural carbon 
without leaving structural SiC.   Phenolic softening was observed as curved parts, 
like those seen in Figure 86 and Figure 87.  This problem was almost completely 
mitigated by infiltrating epoxy into the green parts before furnace processing.   
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Figure 86 0.125 x 0.5 x 5” Beam Showing Slumping 
  
Figure 87 Fine Feature Slumping/ Partial Infiltration 
Appropriate ramps prevented damage to the carbon structure from rapid polymer 
decomposition.  The depletion of carbon either by oxygen contamination or silicon 
interaction were harder to diagnose.  The broken features seen on the left side of 
Figure 88 and in Figure 89 did not show the same curving, but rather broke at the 
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point of maximum stress.  The lack of curving indicated an effect that occurred 
after the phenolic had cured.  The prevalence of this type of slumping was 
diminished by decreasing the ramp from 500-1100°C to 2 hours from 6.  The use 
of higher purity Argon or 4% Hydrogen in Argon (the highest hydrogen 
concentration recommended by the furnace manufacturer) should decrease this 
effect further. 
 
Figure 88 Lightly Infiltrated (L) and Uninfiltrated Slumped (R) Breakout Parts 
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Figure 89 Slumped/ Partially Infiltrated Part 
 
SiC Growth 
SiC growth was expected to be seen within the parts and also on the 
surface of the silicon.  It was also found on the surface of SiC particles not directly 
exposed to silicon and not coated with carbon.  This required both gas phase 
silicon and gas phase carbon sources to be present within the furnace.  It is likely 
that all of the SiC formation reactions listed in  Figure 49 are occurring within the  
furnace.  Figure 90 is a comparison between raw SiC particles and those found in 
un-infiltrated “brown” parts.  What appear to be chipped regions on the right-
hand image are not seen on raw SiC particles, nor is the surface texture within 
those regions.  Figure 91 shows additional features of un-infiltrated parts.  The 
“chipped” regions are visible again.  The same roughness within these regions is 
also visible on the linkage between two SiC particles at the upper left-hand side of 
the image (formed from phenolic char).  The linkages between particles consisting 
of phenolic and carbon char shown in previous images were smooth. 
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Figure 90 Raw SiC (L) Versus Coated SiC (R, not near Si infiltrant) 
 
Figure 91 Coated Particles from Uninfiltrated Part 
The graphite crucibles that came into direct contact with molten silicon cracked, as 
shown in Figure 92.  This was an indicator that SiC had formed within the crucible 
causing localized expansion.  Even the microstructure of crucibles not touched by 
silicon was changed during furnace processing, which is clear from Figure 93.  
The SiC crystals in the right-hand image are very different from the structure seen in 
the left image of an unheated crucible.  This observation further supports the 
prevalence of gas-phase reactions forming SiC during the furnace processing, and 
not other materials such as SiO2.  Another factor is that SiO2 has a much lower 
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surface energy (310mN/m) than SiC (3800mN/m) which does not promote 
spontaneous infiltration.  The infiltration microstructure would be visibly different 
with the presence of SiO2.  Unfortunately the cause of the rough surface of the 
linkage between two particles (seen in Figure 91) remains unclear. 
 
Figure 92 Crucibles Cracked During Si Infiltration 
    
Figure 93 Graphite Crucible Before (L) and After (R) Heating In Presence of Si 
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The formations on the surface of silicon, as seen in Figure 82 above and Figure 94 
below show SiC particles providing a possible seed for crystal formation.  
However these formations might be silicon alone and derived from the Marangoni 
effect (surface tension driven flow).  Surface tension flow is due to temperature 
gradients along the surface of a liquid where fluid is driven from higher to lower 
temperature regions.  The Marangoni effect adds the influence of upwelling to 
surface tension driven flow.  Upwelling replaces fluid driven away by surface 
tension and also maintains a higher surface temperature.  It is expected that this 
occurs near heat sources or at the center of metal regions, which were both 
observed.  SiC formation is exothermic and the combination of gas-phase source 
with the Marangoni effect could be responsible for the surface growth of SiC 
observed by Favre, et al. (2003).  Hibiya, et al. (2003), found that the melt 
transport of oxygen was more dependent on surface tension flow than on diffusion.  
They further found that thermocapillary (from ΔT at crucible walls), solutocapillary 
(from oxygen concentration gradients), surface tension flow and buoyancy were 
nonlinearly coupled with molten silicon.  The final element of interest was their 
finding that even oxygen at 10ppm in the evacuated atmosphere led to a 10% 
oxygen concentration at the surface of the silicon melt.  Together the findings of 
Hibiya et al. (2003) in conjunction with observations made during the research 
show a very complex infiltration process that is extremely sensitive to atmospheric 
conditions.  High reliability silicon infiltration would require extremely high purity 
process gases and lengthy purge cycles in the furnace.   One early question was 
whether the gas-phase formation of SiC or the liquid infiltration would allow 
structural SiC to form between particles.  Figure 95 is a cross section of an 
infiltrated part viewed with an optical microscope.  The widespread dark features 
are SiC indicating significant formation of new SiC.  There are several regions 
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where small SiC particles are clustered between larger regions from original SiC.  
Starting from the lower left-hand corner of the image it is possible to trace 
connected SiC to the top of the image – a distance of greater than 200µ.  Other 
particles seem to have bridges of SiC between them as well.  Structural, 
interconnected SiC growth seems prevalent in this image. 
 
Figure 94 SiC particle in Si Showing Crystal Growth 
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Figure 95 Cross-Section of Si Infiltrated SiC Part  (courtesy D. Bourell and S. Barrow) 
The flexural strength of infiltrated parts is shown in Table 17 . The most 
striking feature is the lower final strength of the epoxy infiltrated parts.  If the epoxy 
tended to leave a layer of carbon on the surface of the SiC particles, the formation 
of new SiC might be prevented from having widespread direct contact with the 
surface of the SiC particles – causing a lower strength.  With a carbon coating the 
gas-phase growth of SiC would be disconnected from the original SiC particles as 
well.  Both strength measurements are well within the range 40-450MPa range 
found in literature.  The prevalence of SiC interconnects is a significant factor here. 
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Table 17  RBSiC Flex Data (Courtesy of D. Bourell & S. Barrow) 
P ar t  
Descr ipt ion #
Flex  
St rength  


























As expected, iron beaded up on the surface of the SiC as seen in Figure 
96.  Upon cooling the iron crushed the lower end of the part causing the break 
visible at the part/ iron boundary.  A large bead of iron chipped from the floor of 
the furnace is seen in the foreground of the image.  The tests with bronze were 
also not successful.  The weight of the bronze stacked atop the parts was not 
enough to drive infiltration. 
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Figure 96 Ductile Iron Infiltration (With Iron Bead from Furnace Wall) 
In the end there are two problems that were not solved during the 
experimentation.  The first is the issue of over-infiltration.  In one run of the furnace 
two parts were connected by the same 1/8” beam.  One was partially infiltrated 
while the other was over infiltrated.  It was hoped that parts would equalize in 
such a case.  Instead the appropriate amount of silicon must be in proximity with 
each part.  In addition, longer ramps and soaks near the melt point of silicon 
tended to increase the number of parts that were partially infiltrated.  Silicon was 
being depleted by sublimation or gas phase reactions.  The correspondence 
between temperature cycle, gas phase reactions and the appropriate amount of 
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silicon to just fill the part, has not been not established.  The other problem is the 
lack of characterization of the gas phase reactions that occur within the vacuum 
furnace at high temperatures.  Several effects of these reactions were observed 
and included carbon depletion, silicon depletion and SiC formation effects.  A 
capability for analyzing the output from the furnace box during processing would 
be necessary to do this effectively. 
4.4 Discussion 
4.4.1  High-Function Polymer Infiltration of SLS Preforms 
Polymer infiltration is an effective means of creating fully dense parts with 
characteristics not currently achievable through direct SLS.  While the raw surface 
finish is similar to current SLS practice, the polymer infiltrant allows a finer surface 
finish.  The added processing time per part is not significant compared to the part 
finishing that is common to current commercial SLS materials.  The actual costs 
associated with this process are compared to current SLS methods in the following 
chapter.  The advantages in part strength and maximum use temperature may be 
very useful for certain applications.  One possible example would be for under-the-
hood applications requiring 200°C continuous use temperatures. 
The importance of the key parameters shown in Figure 50 has been 
explored.  Since all polymer infiltrants tested readily infiltrated both glass and SiC 
base parts, the most important parameter for wicking is low viscosity.  The largest 
effect of low viscosity is faster and easier cleanup prior to curing.  A low enough 
viscosity negated the need for vacuum assisted infiltration and allowed for much 
more rapid infiltration.  This coupled with an appropriate curing cycle that 
supported the phenolic and limited outgassing made for several different successful 
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material combinations.  The dimensional stability of the process and flexural 
strength were also characterized.     
Additional work would be necessary to limit the directional variation of 
strength and density.  The most promising infiltrant tested, DCPD, would require 
additional testing especially with a compound having a longer pot-life.  While 
flexural strength does help characterize the material, additional tests are needed to 
facilitate the identification of applications and the optimization of the process to 
meet those applications. These tests would include determining tensile and impact 
strength along with heat deflection temperatures. 
The materials tested are certainly not the only ones available.  
Polyurethane, as an example, might provide better performance for applications 
requiring greater toughness.  The more obvious avenue for further work lies in 
additional base materials.  Hollow phenolic spheres (sold under the name 
Phenoset), as an example, would yield a low density green part.  Silicone 
microspheres, with an appropriate binder might allow for parts with higher 
elongation. 
4.4.2  Intermediate Machining 
A fine surface is possible on the epoxy, but with the decomposition of the 
epoxy this surface is lost.  Intermediate machining did seem to be an appropriate 
method for improving dimensional accuracy, but not for improving final surface 
roughness.  The particles limited the smoothness available at an intermediate 
phase.  The additional penalty of infiltrated part strength seems to indicate that 
intermediate machining does not offer significant advantages.  The per-part costs 
associated with high accuracy machining also limit the potential. The full effect of 
this type of processing would need additional examination of various MMC’s 
before the concept is abandoned, however.     
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4.4.3  RBSiC Composites 
While structural SiC was formed during the furnace cycle, the formation 
seems to be more related to gas-phase reactions than to infiltration of silicon. The 
chemical makeup of the material formed in place of the structural carbon remains 
uncertain, but is most likely SiC.  This eliminates one of the sources of slumping as 
the SiC can be formed before molten silicon infiltrated the parts.  This finding also 
boosts the potential for free-standing infiltration.    The combination of managing 
the infiltration and the gas-phase reactions would require additional research.  
Many of the key issues influencing free-standing infiltration have been identified, 
but consistent full infiltration has not been achieved during the current research 
project.  With reference to the goals described in the opening section of the 
chapter, free-standing infiltration is possible, but not yet at high accuracy.  The 
reliability of the infiltration was not established to a degree that would have 
facilitated a dimensional analysis like that completed for polymer infiltrants. 
One direction for future work would be to increase the carbon content of 
the preforms with infiltration of liquid resole phenolic instead of epoxy.  The 
additional carbon would increase the amount of SiC in the final part.  Multiple 
infiltrations and burnouts are common in the formation of bulk SiC material and 
could be extended to a process preserving the original preform shape. 
The other direction is to examine other reactive or non-reactive systems 
using higher-function matrix materials.  One of the advantages of this process is 
that the reinforcing particles are held in place during infiltration – especially if a 
gaseous reaction changes the carbon into a more stable material before 
infiltration.  There are infiltrant polymers, such as the family of polymers from 
KiON (www.kioncorp.com) that yield silica and SiC instead of carbon char during 
decomposition.  These could provide additional benefits to this process.  Titanium 
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could be wicked into the preforms forming TiC with the carbon and producing an 
interesting SiC, TiC, Ti composite with interconnected ceramic reinforcement.  
Aluminum could be wicked into preforms prepared using silica yielding (ceramic 
precursor) polymers, mitigating the undesirable formation of aluminum carbide.  
4.4.4  Indirect SLS Rapid Manufacturing 
For fully functional parts, the material must fit the application.  Traditional 
manufacturing has evolved to encompass an immense number of different 
materials.  The significance of Rapid Manufacturing will be measured in part by 
the variety of functional materials that can be processed.  In the previous chapter a 
new family of materials has been explored for use in the SLS process.   With the 
addition of polymer infiltration and free-standing metal infiltration there is a far 
greater body of materials that can be considered in terms of rapid manufacturing.  
More importantly the current work has been done within the constraints of 
standard industry equipment.  Post processes did not mitigate the material issues 
driven by the SLS process itself, however.  Additional research might explore the 
potential for having a limited number of base materials, binders and infiltrants 
reach a wide variety of different applications. Additional discussion about rapid 
manufacturing and the indirect process examined during this project may be found 
in the following chapter. 
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Chapter 5 Indirect Rapid Manufacturing 
Indirect selective laser sintering has been advanced during this project as a 
platform capable of building parts from combinations of a variety of materials.  
Examples of base materials (SiC, glass and graphite), binders (Phenolic and other 
thermosets) and several infiltrants (polymers and silicon) have been explored and 
related to the concept of indirect SLS as a platform for the fabrication of a variety 
of material systems.  In the first section of this chapter the main technical elements 
of the binder study and the work with infiltration from the previous two chapters 
are briefly reviewed.  Within the technical scope of the project there are several 
immediate implications as well as clear avenues for further development. Since the 
thesis of the dissertation went a step further to address rapid manufacturing, the 
second section of the chapter broadens the scope of the discussion.  Examining the 
current research in terms of manufacturing highlights the main issues related to the 
implementation of Indirect SLS in actual engineering practice.  This is followed by 
a discussion about valuable future work.  The last section of the chapter returns to 
the thesis proposed in Chapter 1 and concludes the dissertation. 
5.1 The Indirect SLS Fabrication Platform 
By combining the operations discussed in Chapter 3 with those reviewed in 
Chapter 4 an overall fabrication platform may be considered, as pictured in Figure 
97.  The solid arrows indicate the process that was described in Chapter 1, while 
the dotted arrows indicated alternate routes supported by research observations.  
On one hand intermediate machining has not been found to be as useful as 
expected.  On the other hand favorable feedback from potential customers 
indicated that polymer matrix composites might find application as finished goods 
for certain applications.  Using Figure 97 as a guide, the key achievements of the 
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current project may be reviewed.  For each of the main technical areas the key 
contributions are reviewed followed by a discussion of the future work highlighted 
by the current project. 
 
 
Figure 97 Indirect SLS Process Diagram 
5.1.1  SLS Materials Development 
Main Technical Contributions 
The conventional wisdom from the SLS industry is that reasonably spherical 
particles ranging from about 20 to 80µm work well in the SLS machine.  While 
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materials and binder systems require additional considerations.  The tap density of 
a particular mixture can be roughly correlated to suitability for SLS processing, but 
the settling and flow behavior of a powder mixture are more important.  When 
two base powders have identical tap densities, the one with smoother, more 
spherical particles will provide a denser green part.  The roller influences these two 
different powders differently and the binder tends to promote greater shrinkage in 
smoother particles.  Binders are more effective as smaller particles that are well 
distributed throughout the mixture.  The best case is where the binder particles 
effectively coat the surface of the base particles which establishes widespread 
adhesion and powder behavior is more like the larger particles (at appropriate 
binder percentages).  When the binder particles are small enough they can 
occupy interstitial spaces and increase the density of the overall powder. 
Within the SLS machine, heat transfer and polymer rheology are the central 
technical issues.  As Choi and Chan (2003) mention, predicting “the effects of 
shrinkage and warping may require complex models of thermodynamics and 
binding forces, which are not yet available.”  While models of particle sintering 
have been developed, they have not been linked to a comprehensive model of the 
SLS process.  In particular, the effect of adding multiple layers has not been 
incorporated into analytical models is that post-build curl cannot be considered.  
Extending the model to predict binder behavior would be an additional step.   
The characteristics of current SLS technology provide another main set of 
considerations.  Still, if an appropriate surface temperature can be estimated, the 
temperature profile within the powder can be easily modeled using Equation (22) 
in conjunction with Equation (24) which captures the heat transfer characteristics of 
the powder.  This has been shown to yield results very close to those obtained from 
a much more complicated iterative FEM method described by Nelson, et al. 
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(1995).  The behavior of phenolic under the laser was shown to be very conducive 
to binding.  SEM and DSC analysis helped set appropriate SLS parameters and 
characterize the behavior of the polymers under the laser.  While concurrent 
curing has not been found, other thermosetting materials may exhibit heat initiated 
rather that heat catalyzed reactions.  One the main advances of the current work 
is the creation of a broader definition of what types of materials can be processed 
in the SLS machine.  This is no longer limited to semi-crystalline thermoplastics with 
large differences between melt and recrystallization temperatures.  Instead, it is a 
question of appropriate thermo-rheology. In terms of the sintering model reviewed 
in Chapter 3, SLS materials simply need to have an appropriately low viscosity 
coupled with a low surface tension to promote the formation of a dense, flat, low 
residual stress, sintered layer at temperatures reached under the laser.  Further 
modeling could help assess the appropriate parameters further and might lead to a 
predictive model for SLS processing which would support materials development 
and virtual prototyping. 
The systematic SLS materials method described in Chapter 3 is based on 
knowledge gained during the characterization of the SLS process and the series of 
builds that followed.  This includes powder characteristics and the details of the 
SLS process.  This process will facilitate more rapid screening of potential SLS 
materials including single component resins and those used as binders.  This 
method could be rapidly transferred to the commercial sector to promote the 
development of new commercial materials.  A larger library of useful SLS materials 
would be related to a better understanding of the SLS process, better practices and 
embodiments for the SLS machine and better models for predicting material 
behavior within the SLS process. 
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Another interesting discovery was that the phenolic could be laser marked 
with appropriate atmospheric oxygen content.  This could open up part tracking or 
enhancing the appearance of the parts with a simple change in the CAD file. 
Promising Future Work 
There are several promising avenues of future work.  The first is to examine 
additional materials using the screening method outlined in Chapter 3.  This 
includes additional thermoset binders and especially thermosetting powder coating 
materials such as DuPont RLPS-9 IR curing resin, non-outgassing thermosets alone 
and highly functional thermoplastic polymers such as polyphenylene oxide.  Some 
polymers leave silica rather than carbon ash upon decomposition.  If such a 
polymer could be developed as a binder it would support metal matrix composites 
better than residual carbon. Silica ash is less reactive and does not influence the 
behavior and properties of metals as much as carbon.  Next, other types of base 
materials could be explored.  In particular, there is a hollow phenolic microsphere 
product called Phenoset would yield very low density preforms.  Other materials 
appropriate for reinforcing metal matrix composites will be discussed later. 
Development efforts in materials will only go so far toward creating a 
greater role for SLS technology.  Machine development is also critical and may be 
divided into several areas.  The first area is instrumentation.  There is a difference 
between the older DTM Sinterstation 2000 machine used for this project and the 
newest machine, which has a built-in part bed calibration, yet even in the newest 
machines the temperature profile across the bed is not managed.  The laser power 
reaching the bed is also not instrumented.  In terms of a research machine, there 
should be an extensive amount of instrumentation to monitor the temperature 
across the top of the part bed and down into it as well. This would facilitate more 
precise process control and also validate process modeling.  The physical layout 
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for the machine limits its capability as well.  Powder storage, handling and 
delivery all promote variation in the current process.  As described in Chapter 3, 
the scanning method used in the current SLS machines supplies significantly  
different thermal cycles to different regions of the part.  This causes distortion (part 
growth, and curl) and also differences in material strength.  In the future this effect 
could be used to increase strength in critical areas, but it is currently dependent on 
part geometry, the particular path the scanning actually takes and the orientation 
of the part.  Since the laser sweeps back and forth and overlaps previous sweeps, 
the edges tend to have longer contact with the laser.  This causes the X-direction 
facing edges of parts to have higher energy doses.  In the end, the current project 
shows that there are opportunities for significant improvement in the SLS machine 
in temperature control, powder handling and scanning.     
Creating a comprehensive model for the process is also an important future 
goal which ties into the virtual prototyping work discussed below in terms of 
product design issues.  The key to this is to capture the behavior under the laser 
using both a model and experimental validation of the thermo-rheological 
processes.  Such a system would greatly enhance the development of new material 
systems for use within the SLS process. 
Finally, a scanning overlay (additional writing scan) would be necessary to 
explore the concept of laser marking further. 
5.1.2  Polymer Infiltration 
Main Technical Contributions 
Polymer infiltration is a widely used technique, even within current SLS 
industry practice.  Yet, the exploration of a new family of materials for use with 
SLS preforms brings new capabilities to the existing process.  In particular, the 
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177°C service temperature of the epoxy is significant compared to the100°C 
service temperature of Duraform nylon.  Although the infiltrant polymers were 
brittle, they did allow for a better surface finish compared to Duraform.  The 
infiltrant materials were found to provide excellent support for parts during 
subsequent furnace processes.  Finally, customer feedback has been positive in 
terms of part accuracy, but the brittleness of the parts significantly limits the 
potential applications. 
More importantly, the appropriate characteristics of infiltrants and the 
processes to get them into SLS preforms have been established.  The effect of the 
infiltration process on the dimensional stability of the parts has been characterized.  
The variation in the properties of the infiltrated preforms that stemmed from the SLS 
process was larger than expected.  This underscores the importance of developing 
a more tightly controlled SLS process.  Infiltrants could allow preforms with light 
colors to be colored without having to clean colored powder out of the SLS 
machine. 
Promising Future Work 
Additional infiltrants coupled with less brittle base materials could provide a 
final material that is less brittle.  Another avenue for development is to promote 
other features such as low density or flame resistance.  Potential base materials 
include silicone for flexibility and flame resistance and hollow phenolic 
microspheres for low density.  Silicone might also provide an interesting infiltrant 
for preform parts. 
While the dimensional effects and basic part properties were established, 
additional work would be necessary to establish more general behavior and 
create a process capable of supporting the reliability necessary for manufacturing.  
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Following this, very high stability infiltration processes could be developed which 
would be necessary to provide manufacturing reliability. 
The last arena for additional work is high-temperature metal infiltration.  Pre-
ceramic infiltrants would further promote the development of structural SiC in route 
to metal matrix composites.  It may also be possible with the addition of pre-
ceramic infiltrants to produce strong and reliable porous ceramic parts.  One 
interesting application of such parts would be to serve as burner media for gas 
turbine engines. 
5.1.3  Metal Infiltration 
Main Technical Contributions 
Previous research also explored infiltration of silicon into porous SiC 
preforms and focused on the characterization of the fluid mechanics associated 
with infiltration.  The current work has more broadly characterized the infiltration 
process, including the chemical reactions that are critical to the development of the 
final material properties. This included the variety of chemical reactions present 
during infiltration as well as the complex coupled flow effects within the silicon 
melt.  The gas-phase reactions were found to play a more significant role than was 
previously reported for this process. 
The next main contribution is the identification of four different sources of 
part slumping and their solutions.  With additional work to establish general best 
practices for infiltration especially in terms of metal handling, free-standing 
infiltration would be possible.  
Promising Future Work 
Additional work could establish a more reliable method for silicon 
infiltration.  The most promising application of the silicon infiltration is to create 
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ceramic materials which could be explored at the same time. The key elements of 
this additional work would be to match silicon flow characteristics to thermal cycles 
and to the gas-phase chemistry within the furnace.  The gas-phase reactions 
themselves would need to be minimized via the use of high-purity gases or to be 
carefully characterized by monitoring the makeup of the furnace atmosphere 
during the infiltration process. 
Outside of the microscale, silicon is not a useful structural material due to its 
brittleness.  There are two paths toward more useful materials: ceramics and metal 
matrix composites.  For ceramics, a high SiC content part could be prepared by 
increasing the carbon content of the preform.  One method of accomplishing this 
would be to add multiple infiltration and burnout cycles with liquid resole 
phenolics.  Other infiltrant metals offer a broader set of potential applications.  
Titanium, as an example spontaneously infiltrates SiC preforms and also forms a 
stable carbide.  If the use of pre-ceramic polymers or an intermediate heating (with 
Si in some type of gas-phase) could eliminate the residual carbon from the 
preform, aluminum infiltration would also be an interesting alternative.  SiC 
reinforced aluminum is widely used as highly conductive and dimensionally stable 
electronics packaging.  Preceramic polymers would also support infiltration with 
iron alloys (but not into SiC, of course).  Other base materials such as TiC, WC or 
alumina increase the number of matrix and reinforcing material pairings that can 
be pursued. 
A reachable goal of additional work could be to create a viable method for 
producing fully functional parts.  Future work would need to address several issues 
to make this possible.  While several different types of fixtures have been 
examined during the current research, additional work would be necessary to 
establish best practices for designing and building parts to support free-standing 
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infiltration.  The final properties of the infiltration process would need to be 
characterized for a variety of materials.  The mechanical behavior of parts that 
were prepared via free-standing metal infiltration would need to be carefully 
characterized as well.  This would allow the process and the materials produced to 
be placed into context with currently available engineering materials – which is 
absolutely critical if the process is to be adopted in actual engineering practice. 
5.1.4  Platform Overview 
Much of the work to develop SLS materials in the past has been focused on 
creating a single material type.  In contrast, the underlying goal of the current work 
has been to prepare a more general system that would support a variety of 
materials using the same basic overarching fabrication process.  The most 
important element of the current work has been the characterization of a phenolic 
binder, which is essentially a powdered adhesive.  Graphite, which is notoriously 
difficult to bind, was easily formed into preforms using the phenolic binder.  This 
paves the way for many other base materials to be used.  Other types of binders 
could be developed as well.  The different combinations of bases and binders 
coupled with a variety of polymeric and metallic infiltrants also promote material 
variety using the same basic process.  With the future development of higher 
carbon content preforms ceramic materials can be formed as well. Using the basic 
process established by the current project, parts can be fabricated in metallic, 
polymeric, ceramic (via reaction formation) and particulate reinforced composite 
materials. 
The vision for rapid manufacturing is that finished and fully functional parts 
will be possible directly from the fabrication process, such as SLS.  This would 
mean that no tooling or post processing would be necessary and hence 
manufacturing would be at once simplified and generalized.  Mass customization 
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and continuous process improvement would be attainable. The advances in 
technology to bring that type of capability to engineering practice will likely 
happen eventually.  However, with indirect methods fully functional parts can be 
realized in the nearer term and the necessary infrastructure and changes in 
engineering practice can be addressed sooner.  The current technology can be 
considered in terms of a bridge to complete rapid manufacturing or it might 
become a more permanent family of technologies.  The perspective of rapid 
manufacturing is explored in greater detail below. 
5.2 Indirect SLS Rapid Manufacturing 
The technical perspective of the current project was presented in the 
previous section.  Additional work that was completed during the project related to 
cost analysis and product design.  These subjects are discussed below in terms of 
rapid manufacturing.   By developing the broader rapid manufacturing perspective 
the current project can be shown to have additional contributions.  The RM 
perspective also highlights additional future work. 
5.2.1  Overview of Rapid Manufacturing 
Groover (2002), describes manufacturing in terms of material shaping, 
material property enhancement and assembly. Issues of process planning, tooling 
and machine design play a supporting role.  In practice, manufacturing logistics 
(materials, parts, scheduling and capacity management) and quality control 
(specification and customer expectations) are also a part of the manufacturing 
effort.  With regard to the creation of a new manufacturing system, concepts of 
technology transfer also become important.  Mansour and Hague (2003) describe 
rapid manufacturing as the creation of fully functional parts directly from a CAD 
file using layered fabrication techniques, such as SLS.  The central tenet of their 
definition is the capability to, “create parts of any geometry and complexity 
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automatically without any tooling or skilled craftsman.”  They also describe rapid 
manufacturing as, “the next industrial revolution.”  The most common technical 
hurdles to rapid manufacturing from a survey of current literature are material 
properties and the limited range of available materials.  Hopkinson and Dickens 
(2003), claim the largest barrier to be the costs of machines, maintenance and 
materials, while Mansour and Hague (2003) describe low dimensional accuracy 
and poor tolerances as the “Achilles’ heel” for RM.    The slow speed of the 
machines relative to mass production also limits any application of economies of 
scale.  The critical developments needed to realize rapid manufacturing are briefly 
reviewed in the following sections including RM machinery and processes, 
materials development, cost structures and product development.  The purpose of 
this is to highlight the value of indirect methods in terms of rapid manufacturing 
and show additional work that will support Indirect RM in the future.   
5.2.2  Processes and Machinery 
The keys to manufacturing are speed, low cost and repeatability.  For RM 
this translates into limiting the amount of human intervention during the creation of 
parts.  Current SLS methods touted as having low labor costs still require significant 
adjustment and monitoring by experienced personnel.  
The performance of an RP process is affected by a multitude 
of process parameters.  It is not an easy task to choose an 
appropriate combination of these parameters for optimal 
fabrication of a prototype…  Hence a significant degree of 
expertise is required to produce prototypes of consistent 
quality.  The process is of a trial-and-error basis and is 
therefore both time-consuming and very costly.  –Choi and 
Chan, 2003 
The importance of SLS temperature control, powder handling and laser scanning 
improvements coupled with better process modeling have been discussed above 
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but are perhaps more critical in terms of supporting manufacturing operations. The 
directional variability of the epoxy infiltrated parts as an example, would not allow 
manufacturing processes without significant part redesign to accommodate the 
dimensional effects of SLS scanning.  Altering the CAD files to accommodate the 
SLS process (if it could be currently predicted) would freeze the orientation and 
part placement.  Instead, the ultimate goal is to have a process that is capable of 
producing parts from a standard CAD file without adjustment and human 
intervention.  This will likely be a combination of machine improvement coupled 
with modeling capable of quickly modifying CAD files to produce accurate, high 
precision parts. 
5.2.3  Materials Development 
The “dearth of information about even the limited number of currently 
available materials,” is described by Hague, et al. (2003) as a critical issue.  
Hopkinson and Dickens (2003) state that simply knowing the properties of 
materials in detail would alone facilitate the advent of RM.  Part of this need is in 
terms of simply examining the properties of the finished materials in detail.  More 
important, however, is characterizing how they behave within RM processes and 
what range of properties is possible. 
This underlines the value of creating a systematic materials development 
method for SLS materials.  Building a more comprehensive understanding of the 
materials would also facilitate more accurate modeling of the processes associated 
with RM.  The other valuable element of the current research is that the post 
processing allows well understood material properties to be integrated into current 
rapid prototyping processes.  In other words, not only are the materials available 
to indirect rapid manufacturing well understood, but the ability to make them is 
based on current technology and not technology that will be developed at some 
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time in the future.  As new combinations of materials are explored, the focus 
should be on material “beachheads” that would either service wide applications, 
high demand or are populated with materials not easily processed in another way. 
5.2.4  Cost Structure of Rapid Manufacturing 
While Pham and Dimov (2003) claim SLS as a cost effective technology for 
the production of 1-5 parts, other estimates place this number much higher.  
Hopkinson and Dickens analyzed the costs for SLS parts versus injection molding 
and other RP processes.  The break-even point for SLS in terms of cost per part 
versus injection molding in their study was 14,000 units for a particular 1.5” 
plastic lever part.  The material costs of the phenolic binder, glass base material 
and DCPD infiltrant is compared to their results in Table 18 .  The significantly 
lower material costs of the glass base material composite has a significant effect 
on the amount of production needed to reach a break-even cost per part 
compared to injection molding.  This increases the advantages of the SLS 
technology over FDM and SLA, also shown in the table.  If this number can be 
increased further with improvements in machine speed there is an additional 
advantage to RM over traditional mass production.  With a relatively constant cost 
per part there is no burden to produce and sell large numbers of products to 
amortize the tooling cost.  There is also no restriction on either mass customization 
or continuous improvement which tooling establishes for traditional manufacturing 
processes. 
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Table 18  Cost Comparison of RP Methods (Hopkinson and Dickens, 2003) 
Fu sed 










In ject ion  
Molding
#/ Machine Run 75 190 1056 1056 $35,294 tool
Machine Cost/ Part $3.41 $5.06 $0.67 $0.67 $0.30 per part
Labor/ Part $0.10 $0.05 $0.05 $0.05
Material Cost/ Part $2.26 $1.66 $2.10 $0.53
Unit Cost $5.77 $6.77 $2.83 $1.25
Breakeven # of Parts 
vs. Molding 6,457 5,453 13,977 37,227  
 
It is important to consider two things to put Table 18  into perspective.  First 
the capability of the materials themselves is not considered.  Injection molded 
polymers are fully dense while SLS materials are inherently porous and do not 
reach full strength.  The DCPD infiltrated composite, as discussed above, is brittle.  
In other words, the material properties must be established before this type of cost 
analysis indicates real manufacturing potential.  Second, smaller parts, like those 
examined by Hopkinson and Dickens (2003), allow the SLS machine to process 
parts in parallel giving it a certain economy of scale.  An examination of larger 
parts would represent a less favorable analysis for SLS processing.  On the other 
hand parts of greater complexity would increase the cost of tooling without 
increasing the cost of SLS processing. 
The commercial potential of the current research was explored with the 
creation of a cost model for Indirect SLS.  The costs of SLS processes were based 
on those quoted for outsourcing in industry.  Actual costs to SLS manufacturing 
houses would be slightly lower.  Furthermore, fairly large parts were used for the 
analysis, in comparison to the 1.5” parts examined by Hopkinson and Dickens 
(2003).  A complete version of the cost model may be found in Appendix 6. The 
first analysis, shown in Table 19 , is a comparison of two base materials to both 
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Duraform (3D Systems, Inc.) and the higher priced Windform (Cevolini) material.  
Costs per part and per full build of a Sinterstation 2000 machine are compared.  
The product “prices” were changed to yield approximately the same profit per 
machine build.  The difference in base material cost between the glass base 
material and the Duraform is particularly striking.  Again, it is important to 
consider that cost and material properties are both important.  As an example, if 
parts would be expected to withstand impact loading the additional cost of 
Duraform would be preferred in many cases to the lower cost epoxy infiltrated 
parts. 






































































Margin 21.84% 36.36% 18.20% 22.76%
Profit per Build 4,371.28$    4,372.13$   4,374.55$   4,377.46$    
Product Price 1,500.00$    901.00$      1,801.50$   1,441.00$    
Mfg. Cost (/ Part) 1,172.44$    573.38$      1,473.70$   1,112.98$    
Mfg. Cost ($/ build) 15,646.28$  7,651.75$   19,666.55$ 14,852.74$  
Base Materials ($/build) 9,022.57$    132.30$      13,042.83$ 7,333.29$    
Setup ($/build) 565.00$      565.00$      565.00$      565.00$       
SLS Procs. ($/build) 5,625.00$    5,625.00$   5,625.00$   5,625.00$    
Infil. Matl's ($/part) -$             7.12$          -$             7.12$           
Infil./ Curing ($/ part) -$             60.00$        -$             60.00$         
Post Processing ($/part) 32.50$        32.50$        32.50$        32.50$          
 
The same cost model was used to examine several commercial products that 
could be formed from RBSiC.  One application that unites the advantages of part 
complexity with those of difficult material processing is molds and dies for injection 
molding and metal casting.  This particular application was explored extensively 
during the course of the research and is the subject of the Idea to Product entry 
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and business plan materials found in Error! Reference source not found. and 
Appendix 5 respectively. Market numbers for aluminum casting and polymer 
injection molding were used to estimate the price of representative products.  The 
low complexity heating element holder also analyzed cannot be manufactured 
profitably using the indirect SLS method developed during the current research.  
However, even with the majority of costs occurring in post processing, indirect SLS 
can make molds and dies effectively.  For the sizes of parts chosen, the larger 
advantage for smaller parts was not seen.  Design costs, additional furnace 
fixtures and any facilitating elements within the design of the parts themselves were 
not considered in this model. 
 






























































































































Margin -12.49% 71.26% 57.57% 76.60% 64.29%
Profit per Build (1,362.40)$   37,456.80$ 17,290.35$ 38,954.55$ 20,807.39$  
Product Price 350.00$       3,500.00$   2,000.00$   5,500.00$   3,500.00$    
Mfg. Cost (/ Part) 393.72$       1,005.74$   848.63$      1,287.10$   1,249.70$    
Mfg. Cost ($/ build) 12,268.63$  15,103.37$ 12,744.03$ 11,901.15$ 11,555.33$  
Base Materials ($/build) 566.21$       566.21$      566.21$      566.21$      566.21$       
Setup ($/build) 565.00$       565.00$      565.00$      565.00$      565.00$       
SLS Procs. ($/build) 5,625.00$    5,625.00$   5,625.00$   5,625.00$   5,625.00$    
Infil. Matl's ($/part) 3.40$           12.70$        6.23$          28.59$        14.02$         
Infil./ Curing ($/ part) 126.00$       323.14$      222.50$      87.83$        165.00$       
Post Processing ($/part) 47.50$         220.00$      170.00$      440.00$      340.00$       
 
While the visionary approach is to consider the time when no tooling would 
be necessary and the material for a particular application would be within the 
capability of RM, there is room to consider the advent of Rapid Manufacturing as 
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a more gradual evolution starting with the capabilities available today.  As 
reviewed above current technology allows small, complex, polymer parts to be 
produced cost effectively. The addition of post processing retains the same basic 
cost structure for creating parts but with the additional features of a broader set of 
more functional materials.  The effect of also being able to produce complex 
custom parts could be addressed in future work.  In short, there are commercial 
opportunities for indirect SLS methods. However this only emphasizes the need for 
additional work in process development, materials development, model 
development and the indirect method in general. 
5.2.5  RM Product Design 
Rapid prototyping has already had an influence on product development. 
Usher, et al. (1998) estimate a time cost of product development that is 10 to 50% 
of traditional methods when using RP techniques.  Figure 98 is adapted from their 
diagram and shows both the compression of time and the facilitation of concurrent 
tasking compared to the linear organization of standard product development. 
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Figure 98 Product Development Process Comparison (Usher, et al., p.155) 
Thinking in terms of fully formed RM, the above diagram is very different. In 
particular there are no tools or patterns to consider.  As Hague et al. (2003) point 
out, this avoids the constraints established by traditional manufacturing methods 
and simultaneously incorporates mass customization.  With RM, the design would 
be no longer bound by the need to create tooling and special fixtures.  Complexity 
is nearly free, which has broad effects on current engineering design methods.  As 
an example the “information axiom” of Nam Suh’s Axiomatic Design might need 
to be revised.  It may no longer be necessary to minimize the information content 
to create the best design.  The ease in iterating a CAD file and the lack of some 
manufacturing limitations draws the customer closer to the design process, thus 
facilitating “collaborative design.”  It is unlikely that true mass production will ever 
be completely replaced by RM.  Thus RM parts and more traditionally mass-
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produced parts will be assembled into final products.  This will require the creation 
and design of interfaces to accommodate mass produced parts into assemblies. 
The need for modeling RM processes is perhaps even greater, though, since 
iteration though RP or fully functional RM methods will remain time and cost 
prohibitive.  Choi and Chan recommend a greater emphasis on virtual 
prototyping, where the RP processes themselves are modeled, due to the 
processing challenges of current RP systems including SLS (which do not currently 
exist).  With additional work virtual prototyping would more accurately represent 
parts produced in more advanced RM systems.  This would advise the part 
orientation and process parameters for desired surface finish or dimensional 
stability.  The attainable accuracy and precision of machine improvements coupled 
with better models cannot be currently predicted.  Choi and Samavedam (2002) 
also describe a virtual prototyping system and place it in a prototype development 
model that also can be considered in terms of RM processes.  Instead of the 
traditional or RP modified methods shown in Figure 98, RM would allow the 
simpler and more collaborative system shown in Figure 99. 
 208    
 
Figure 99 RM Design Flowchart (adapted from Choi and Samavedam, (2002)) 
Clearly there is significant work within product design to accommodate the 
advantages of RM into actual engineering practice and to realize the “next 
industrial revolution.” The adoption of Rapid Manufacturing into engineering 
practice is not limited to material development, machine and process development 
or modeling.  There are also cultural changes to consider in terms of product 
design and the roles necessary for the creation of new products.  This will take 
time.  Since the technical hurdles for Indirect SLS are similar, the same basic issues 
also apply.   
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5.3 Return to the Thesis 
Indirect Selective Laser Sintering with thermosetting binders is a platform for 
commercially driven rapid manufacturing of polymer and metal matrix composites. 
 
The thesis is true, but requires some elaboration in terms of the hypotheses 
proposed in Chapter 3 and Chapter 4.  The basic theme of these hypotheses was 
to promote a greater variety of more functional materials while preserving the 
advantages of the SLS process.  The perspective on Rapid Manufacturing 
developed within Chapter 5 is also important.  Finally, the current work did not 
create a manufacturing system capable of being used commercially. However the 
future work proposed establishes several clear paths to making Rapid 
Manufacturing a more widespread alternative to traditional manufacturing 
methods. 
In Chapter 3 the following hypotheses were addressed.     
1. Thermosetting polymers can be used as effective binders for SLS 
processing and can be crosslinked under the laser, representing a 
significant advantage over the use of thermoplastic resins that simply 
solidify. 
2. By combining the basic principles of powder mechanics, SLS heat 
transfer, and polymer rheology, a systematic material screening 
method can be prepared for assessing new SLS materials. 
In using phenolic mixed with SiC, glass and also graphite a range of parts have 
been created to support these hypotheses.  Thermosetting polymers represent a 
family of highly capable polymers by themselves.  It is important to consider that 
as a family they are relatively brittle and many products formed using 
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thermosetting polymers are reinforced in some way.  Still, the use of thermosets, 
and even just for binders, supports using SLS for a larger array of applications.  
More importantly, a more universally capable binder facilitates the use of a wide 
variety of base materials.  Systematic materials development will continue to 
increase the number of applications that can be satisfied with Indirect SLS and 
possible with additional work direct SLS as well. 
The following hypotheses were addressed in Chapter 4. 
1. Polymer infiltration is an effective method of producing indirect SLS 
parts with properties not obtainable via current SLS methods 
2. By using a char-yielding polymer, high-accuracy, free standing, 
spontaneous infiltration may be achieved 
3. Indirect processes form a flexible rapid manufacturing platform 
capable of supporting a variety of material systems. 
The service temperature, cost and strength of epoxy infiltrated parts represent a 
significant advantage over current SLS processes.  The causes for part distortion 
and their solutions during the burnout and infiltration have been identified.  The 
nature of the infiltration process has been characterized.  Additional work is 
necessary to achieve reliable, high-accuracy infiltration, however.  The binder 
system developed coupled with the infiltration methods does establish a method 
that supports the development of ceramic, polymeric, metallic and composite 
materials. 
Chapter 5 contained a review of the technical achievements of Chapters 3 
and 4, but also included additional material about the nature of Rapid 
Manufacturing.  This helped place the achievements of the project in a broader 
context and ultimately allows the thesis to be addressed in terms of the entire 
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project. The cost analysis described above indicates that while full manufacturing 
may not be feasible in the near term there are certain applications where Indirect 
SLS can be applied when the reliability of parts improves. 
In the end, with the support of the hypotheses in Chapter 3 and Chapter 4, 
the thesis is true.  The real potential of the Indirect SLS platform will not be clear 
until a much greater variety of materials has been established.  And, with the 
completion of additional work, it will not be commercially driven, but simply 
commercial.   
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Appendix 1 Thermoset Binder Research Data 
Table 21  Tap Density for Various Powders 




heigh t (in )




Phenolic (HJE) 1.30 10.8 30.47 1.955 0.567 0.44
600 grit 3.20 9.3 75.00 1.797 1.520 0.47
DFPA 1.02 40.0 23.91 1.690 0.515 0.50
8% Ph (280/ roll) 3.05 31.0(phen) 71.44 1.656 1.571 0.52
10% Ph (280/media) 3.01 - 70.55 1.640 1.566 0.52
10% Ph (280/att.) 3.01 - 70.55 1.598 1.608 0.53
Phenglass 2.38 31.0(phen) 55.78 1.557 1.305 0.55
320 grit 3.20 29.2 75.00 1.516 1.801 0.56
-270 WC 15.70 19.8 367.97 1.510 8.873 0.57
2.5% 1200 + 320 3.20 3.0 (1200) 75.00 1.490 1.833 0.57
5% 1200 + 320 3.20 - 75.00 1.459 1.872 0.58
10% 1200 + 320 3.20 - 75.00 1.450 1.883 0.59
7.5% 1200 + 320 3.20 - 75.00 1.445 1.890 0.59
12.5% 1200 + 320 3.20 - 75.00 1.435 1.903 0.59




Figure 100 DSC Curve for Lot#1 Phenolic ( ΔH numbers should read 1/10 values) 
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Figure 101 DSC Curve for Lot#2 Phenolic (10°C/minute scan) 
 
Figure 102 DSC Curve for Lot#2 Phenolic (20°C/minute scan) 
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Figure 103 Comparison of DSC Curves for 60°C Soaks of 120, 240 and 360 minutes 
 
Figure 104 Comparison of DSC Curves for 70°C Soaks for 235min, 5days-2h-6min 
and 8days-4h-29min 
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Figure 105 DSC Curves for 80°C Soaks of 122, 245 and 521minutes (“360min” 
should read “521min”) 
 
Figure 106 Comparison of DSC Curves for 4-hour Soaks at 60, 70 and 80°C 
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Figure 107 DSC of Lot#1 Attritor Milled Powder with Melt and Curing Data 
 
Figure 108 DSC of Lot#1 Part Bed Powder Showing Melt and Curing Data 
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Figure 109 DSC of Lot#1 SLS Part Showing Melt and Curing Data 
 
Figure 110 DSC Comparison of Lot #1 SLS Part Versus Part Bed Powder 
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Figure 111 DSC of Lot#2 Part Bed Powder Showing Melt and Curing Data 
 
Figure 112 DSC of Lot#2 SLS Part Showing Melt and Curing Data 
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Figure 113 DSC Comparison of Lot #2 SLS Part Versus Part Bed Powder 
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Table 22  Dimensional Stability of BJB TC-1622 Epoxy Infiltrated Glass 









21 14.4 0.508 2.514 0.516 0.504 17.7 0.518 2.550 0.522 0.514
22 14.3 0.513 2.521 0.513 0.504 17.8 0.521 2.557 0.521 0.511
23 14.4 0.515 2.527 0.512 0.507 18.0 0.524 2.565 5.220 0.509
24 14.4 0.513 2.531 0.516 0.500 18.0 0.523 2.565 0.524 0.516
26 14.9 0.516 2.523 0.517 0.506 18.3 0.524 2.560 0.528 0.514
27 14.8 0.517 2.547 0.514 0.499 18.5 0.527 2.583 0.522 0.504
28 14.7 0.517 2.541 0.514 0.497 18.3 0.525 2.575 0.523 0.503
29 14.9 0.517 2.549 0.515 0.506 18.5 0.526 2.583 0.522 0.511
1 15.0 0.511 2.520 0.530 0.514 18.4 0.519 2.555 0.536 0.522
2 14.9 0.514 2.526 0.521 0.505 18.3 0.524 2.561 0.532 0.510
3 14.8 0.508 2.514 0.523 0.501 18.0 0.516 2.555 0.531 0.508
4 15.1 0.515 2.535 0.519 0.503 18.4 0.525 2.568 0.530 0.513
5 15.3 0.517 2.533 0.522 0.503 18.5 0.527 2.571 0.529 0.509
6 15.5 0.521 2.558 0.519 0.501 18.8 0.527 2.598 0.531 0.508
7 15.2 0.511 2.524 0.522 0.503 18.3 0.523 2.560 0.532 -
8 15.3 0.518 2.524 0.521 0.503 18.4 0.526 2.560 0.532 0.511
9 14.9 0.516 2.501 0.522 0.500 18.2 0.523 2.537 0.532 0.509
10 15.5 0.518 2.525 0.521 0.502 18.7 0.527 2.560 0.534 0.513
11 15.1 0.514 2.532 0.541 0.523 18.2 0.519 2.550 0.548 0.528
12 14.2 0.516 2.532 0.523 0.489 17.1 0.523 2.555 0.533 0.501
13 14.4 0.523 - 0.524 0.498 17.3 0.529 - 0.535 0.507
14 8.8 0.520 - 0.527 0.498 10.6 0.527 - 0.539 0.511
16 15.2 0.522 2.528 0.527 0.507 17.9 0.533 2.570 0.569 0.529
17 15.0 0.519 2.515 0.527 0.501 17.4 0.529 2.564 0.564 0.522
18 15.5 0.526 2.546 0.528 0.496 18.2 0.531 2.594 0.543 0.509
19 15.3 0.524 2.529 0.530 0.495 18.0 0.533 2.572 0.548 0.516
8X
TEST OVERVIEW : Glass/ Phenolic parts (33% by volume) were prepared, prior to the above test, using 
8, 10 and 12 W.  Bars similar to those described above were used and also distributed throughout the 
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Table 23  Dimensional Stability of BJB TC-1622 Epoxy Infiltrated SiC  
m (g) W (in) L (in) T (in) m (g) W (in) L (in) T (in)
1 14.02 0.509 2.526 0.507 19.30 0.507 2.522 0.504
2 14.16 0.513 2.522 0.510 19.37 0.509 2.515 0.505
3 13.93 0.508 2.520 0.506 19.24 0.508 2.513 0.503
1 14.77 0.522 2.542 0.513 20.20 0.521 2.533 0.508
2 14.74 0.529 2.550 0.510 20.17 0.519 2.535 0.508
3 14.60 0.522 2.545 0.507 19.98 0.519 2.535 0.504
1 14.25 0.510 2.520 0.508 19.61 0.505 2.511 0.504
2 14.45 0.510 2.523 0.514 19.84 0.507 2.514 0.510
3 14.53 0.512 2.526 0.521 19.93 0.509 2.514 0.511
1 14.99 0.525 2.528 0.513 20.51 0.523 2.521 0.510
2 15.08 0.521 2.524 0.524 20.58 0.520 2.514 0.513
3 15.30 0.528 2.544 0.519 20.87 0.523 2.532 0.511
TEST OVERVIEW : SiC parts (25% phenolic by volume) were prepared using two 
different laser powers (10 and 12 W) to determine the effect on dimensions and final 





GREEN EPOXY INFILTRATEDPower/ 
Orient.
 
 222    
Appendix 2 SLS Development Notes 
Overview 
During the past two weeks (from  about 2/25/04 to 3/10/04) we have run 
several SLS builds.  During this time very significant progress has been made 
getting through some potentially fatal troubles in the SLS machine including 
interlayer adhesion, part curl and breakout strength.  Previous tests established 
powder bonding during scanning.  The following is a more detailed discussion of 
the testing completed, the results of those tests and the experiments that will 
support another round of SLS work.   
Research Synopsis 2/25-3/10 (The SLS Builds) 
Several single layer scans indicated that 90°C was too hot for the bed – some 
caking  was observed.  Above 90°C some darkening of the powder was also 
noticed.  A range of scanning parameters were examined during these tests.  The 
strength of the single layer crust was weak at laser powers of 7W and below.  
Above 11W the heat started to noticeably spread into lettering and corners.  
Some double scans (retracing each layer twice) had some effect, but not as much 
as increasing the power.  The next issue to address was interlayer adhesion. 
 
150lb of 280 grit (42 micron) silicon carbide was mixed in a cement mixer with 
13lb of phenolic ground to an average particle size of 17.6 microns with a 
standard deviation of 11.8 microns.  The scan speed was constant at 49.5 in/sec 
for all builds.  The main parameters for the builds are in the table below.  More 
details are in the following discussion. 
 





4-layer 80°C 50°C .008” .003” .003” 6-
10W
Multiple scans 
1 60°C 30°C .008” .003” .003” 8-
10W
 





3 40-55°C 30-40°C .009” .004” .003” 8-
10W
Duraform Config. 






1 layer of BTB parts
5 75°C R35, .008” .004” .003- 6- Spacing/ Low 
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L40°C .004” 10W Power 
6 75°C R35, 
L40°C 
.008” .004” .004” 8-
10W
Breakout Testing 
7 75°C R35, 
L40°C 
.008” .004” .004” 8-
10W
Low part spacing 
8 75°C R35, 
L40°C 




2/25/04 : Initial multi layer to test scanning parameters and interlayer 
adhesion 
The parts were standard laser power testing parts scaled in ‘Z’ to only have 4 
layers.  The first layer had lettering in it. 
 
Part Power # of Scans Results 
1 6 3 Color change, vapor on all scans, weak parts 
won’t hold weight/ can’t be removed from the 
bed in large pieces 
2 7 2 Stronger part, still weak 
3 7 3 No noticeable difference in strength from 
double scan 
4 8 2 Significantly stronger than the 7/3 part.  Much 
easier to remove from the powder 
5 10 1 Another step up in the strength. The powder in 
the lettering on the first layer is firmer than the 
8/2 part.  The vapor coming off was heavier 
on this part. 
  
No significant problems with interlayer adhesion were seen on any of the parts, 
but 4 layers does not offer much insight.  Taller builds were necessary to more 
closely examine any periodic strength variation in the ‘Z’ direction, including 
interlayer effects.  On a later build over 80% of the time was spent on scanning 
(this is reported on the 2000 machine at the end of the build).  Fortunately, 
increasing the power had a much greater effect on the strength than multiple scans 
– the extra scanning time could really undermine the manufacturing capability of 
this process.  There were faint fissures in the powder along the long edges of the 
parts in the 8/2 and 10/1 parts which indicate mild curl.  No noticeable curl was 
seen in the single layer builds or in the lower power parts.  The next issue is to 
minimize part curl while getting acceptable green strength.  Degradation of the 
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phenolic was also a concern, but curl and strength were considered first.  Some 
materials that have been tried in SLS have failed because the curl could not be 
controlled at any parameter settings. 
2/26/04 : 1st Full build : Focus on curl reduction and 8-10W single scans 
 The build parameters were based on the ST200 metals parameters.  5 x .125 x 
.5” bend test bars were organized into 3 layers; 8W, 9W and 10W scans.  The 
parts were spaced in X and Y by .25” and in Z by .125”. 8 bars were placed in 
each layer.  A fourth layer was added with logo parts and also breakout parts 
(Figure 1).  The breakout parts have walls and cavities of various aspect ratios 
aligned in several directions to examine part spreading (due to excessive heating) 
and the difficulty of getting the parts out of the power bed.  Later when we have 
bend testing data, strength numbers can be correlated with breakout confidence.  
All of the parts allowed dimensional testing.  Numbers are nice, but we also need 
to be confident that we can reliably manufacture parts. 
 
Figure 1: Breakout Part 
 
The part warmup height was 0.1”.  No shrinkage was observed in the first 4 
scanned layers.  After an hour (about 20 layers) the roller had moved the parts 
and canyons ran down the length of all parts in the bed.  The build was stopped. 
 
This roller bumping could be caused by plowing (the powder ahead of the roller 
shearing the previous layers in the bed) or by the onset of more significant 
shrinkage after the first 4 layers.  Since plowing was not a problem on the 4-layer 
build and the powder was observed to ‘roll’ or cascade down the front of the pile 
at the bottom of the roller, the issue was most likely shrinkage and curl.  In nylon, 
laser scan spacing and part bed temperature (with an appropriately matching feed 
temperature) are key variables for controlling curl. 
 225    
2/26/04):  Build #2 
 The feed temperatures were raised from 35 to 40°C.  Still, fissures were visible 
along the parts in the first few layers and became visible after the next layer of 
powder was rolled, not during the scanning.   
 
The feeds were then set to 50°C  and allowed to reach temperature over an hour 
pause.  During rolling short feeds became a problem.  The feed distances (raise 
dist. before each roll) were increased from .008” to .010” even though this tends 
to shorten the available total build height during production.  Faint lines were still 
observed during scanning.   
 
After increasing the feed temps again to 55°C  and allowing for temperature 
stabilization – short feeds became a problem again.  Also, the plumes coming 
from the scanning front only reach ½ the chamber height instead of reaching the 
heater plate during the early phases of the build.  In addition more powder 
seemed to ride the face of the roller.  Although curl seemed to decrease, short 
feeds persisted.  After a crevice opened in the right feed the build was stopped.  
The powder feeds had caked in the center but loose powder was still  found at the 
edges. 
 
The instrumentation in the feeds are near the edge of the powder.  They are 
heated by a radiant heater.  The center of the feed bed was clearly much hotter 
than the reading coming from the thermocouples.  Also, there seemed to be a long-
term thermal transient in the build chamber.  If the chamber is inerted there will be 
gas flow during the build stabilizing the atmosphere.   Further strategies for 
mitigating curl include increasing the layer thickness (from .003”) and building a 
low-power base part to support the real build parts. 
3/3/04 : Build #3 (Based on Duraform config.) 
The hardened powder  was removed from the feeds (.5” was affected, 1” 
removed).  The layer thickness was set to .004”.  The part bed was set to 40°C, 
the feeds to 30°C .  The feed distances were set to .009” and the scan speed was 
49.5 in/sec.  In the 5th layer fine lines appear next to parts and alternate sides 
with the roller.  Similar behavior was observed with a subsequent build having a 
45°C  part bed. 
 
After a soak with a part bed at 50°C the build again curled, but was improved.  
Additional improvement was seen with the part bed at 55°C  and the feeds at 
40°C .  The duty cycle of the right feed indicates some problem with the 
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temperature control.  The thermocouple was noticed to be lower in the powder 
than the left.  Fissure still appear after 7 layers. 
 
It was noted that a lower shrinkage powder preparation (attritor milled) might be 
needed for this binder to work.  Wider scan spacing can also influence curl. 
3/3/04 : Build #4 (Scan spacing, new temperatures, range of powers) 
A single layer of bend test bars was prepared.    The right feed was set to 35°C, 
the left to 40°C and the part bed to 70°C.  This was the first completed build.  All 
parts were easily removed from the bed and exhibited solid strength.  The parts 
were examined with a brush and an X-acto blade for delamination or layering 
effects. The sides of the parts showed some layering, but layering did not worsen 
with brushing. 
 
Part Power Scan 
Spacing 
Results 
1 8 .004” Least visible curl 
2 8 .003”  
3 8 .003”  
4 9 .003”  
5 9 .003”  
6 10 .003” Worst curl (small fissures visible at end of build) 
7 10 .003”  
8 10 .004” Comparable appearance to #2 & 3 
3/4/04 Build #5: (New part setup) 
A new build was prepared. 5 bend test bars were aligned along the X axis (the 
direction the roller moves) in two layers.  Logo parts were also added in ¾ height 
versions (.375” high) to coincide with the two layers of bars.  The part bed 
temperature was increased to 75°C.  No curl was visible on any of the parts.  
Upon breakout a layer of powder clung to the parts but was easily removed with a 
brush. The layer cycle time was 2:30. 
 
Part Power Scan 
Spacing 
Results 
1 6 .004” Weak part. Powder easily scraped off.  Brush shows 
deep layering. 
2 7 .004” Stronger, but still somewhat weak.  Brush shows 
layering on sides. 
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3 8 .003” Strong, sidewalls smooth brush does not deepen 
appearance of layering. 
4 8 .004” Still strong same as above. 
5 10 .003” Stronger than 8W parts 
Logo 8 .004” Clear logo.  Strong part 
Logo 10 .004” Clear logo.  Slightly darker in color. 
 
3/4/04 : Build #6  Breakout test parts 
A layer of logo and breakout parts was prepared and left for the evening with 
previous parameters intact.  Breakout parts were built with 8, 9 and 10W scans at 
.004” scan spacing.  The smallest features of the breakout parts (.020”) were 
easily broken, but were noticeably more resilient in the 10W parts.  The smallest 
cavities (.020”) were slightly more filled in on the higher power parts. 
3/5/04 : Build #7 Parts for bend testing 
Labled BTB parts were prepared for 8-11 W and for green, post-cured, brown and 
infiltrated conditions.  The spacing between the bend parts was changed to .100” 
in all directions.  Eight ¾ size logo parts were also added to the build.  The 
powder sat at temperature for 5-6 hours before the build began. 
 
The parts bumped and were progressively worse throughout the build.  The logo 
parts showed pitting on the side facing the BTB part array, but were otherwise in 
good shape.  The close spacing caused curl and other problems.  
3/8/04 : Build #8 Bend testing array 
The same parts were re-arranged  and spread over a larger area of the part bed.  
Although a small fissure was visible at the right front of the build at the 8th layer, 
non was observed at several junctures later in the build. 
 
The build completed and the parts show good shape.  However the strength of the 
parts is significantly lower than similar powers in previous builds.  The powder is 
degrading.  More research is needed before another build can be prepared. 
Brown Parts (3/8-3/10) :  
Previous brown parts had been weak and carbon had obviously been lost.  This 
was expected to be caused by the presence of oxygen, in other words a leaky 
furnace.  Even forming gas (containing hydrogen to grab oxygen) had not fixed 
the problem.  The furnace was sealed more carefully with vacuum grease and a 
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new tubing setup.  A bubble tank was added to the outlet to measure outbound 
flow rate.  Another lab running similar furnaces uses 2 bubbles/ sec as a rule-of-
thumb inerting flow. An 8W BTB was placed across a 4” long alumina crucible 
which left 3.75” of the 5” part suspended between the walls.  The furnace was 
purged for 10 minutes and the temperature was ramped from ambient to 800°C at 
1°C/ min.  After a soak for 4 hours the furnace was shut down.  When the 
temperature fell below 300°C the gas was turned off and the furnace was opened 
for more rapid cooling to ambient. The part completely collapsed and the 
remaining form was nearly powder.  The weight loss needed assessment and the 
gas flow was not constant throughout the build – it stopped for a time at 
temperature. 
 
Another 8W BTB part was weighed along with a cured piece phenolic.  Each was 
placed in a separate crucible.  The furnace was sealed and the regulator was set 
for more consistent operation.  The weight loss of the BTB part matched the 
expected 50% weight loss of the phenolic exactly.  The phenolic part lost 43% of 
its weight and experienced and isotropic shrinkage of approximately 20%.  The 
BTB part retained its strength. 
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Appendix 3 Infiltrated Parts Data 
Table 24  ASTM D-790 Data for Epoxy Infiltrated Parts 










Flex u ral 
St rength  
(Mpa)
Flex u ral 
St rain  
(m m /m m )
Flex u ral 
Modu lu s  
(Mpa)
1 0.513 0.141 13.67 - 76.40 -
2 0.513 0.136 12.85 - 77.20 -
3 0.508 0.139 12.45 - 72.30 -
4 0.510 0.139 12.70 - 73.47 -
AVERAGES 0.511 0.139 12.918 74.84
1 0.523 0.150 20.83 1.547 100.90 8.770E-03 11504.6
2 0.531 0.150 24.00 1.801 114.50 1.021E-02 11214.4
3 0.525 0.148 22.38 1.729 110.93 9.672E-03 11470.1
4 0.519 0.149 21.08 1.600 104.28 9.010E-03 11573.7
5 0.524 0.150 22.11 1.701 106.90 9.643E-03 11084.8
6 0.526 0.147 20.40 1.654 102.30 9.189E-03 11132.8
7 0.518 0.153 19.78 1.531 92.98 8.853E-03 10502.5
8 0.525 0.150 21.90 1.697 105.68 9.621E-03 10984.4
9 0.518 0.152 22.38 1.643 106.59 9.439E-03 11293.0
10 0.518 0.151 22.02 1.658 106.27 9.462E-03 11231.0
11 0.522 0.152 22.86 1.829 108.04 1.051E-02 10282.7
AVERAGES 0.523 0.150 21.795 1.672 105.40 9.489E-03 11115.8
1 0.533 0.156 17.49 1.122 76.86 6.615E-03 11618.3
2 0.531 0.153 21.61 1.610 99.10 9.310E-03 10644.1
3 0.525 0.150 19.25 1.373 92.89 7.784E-03 11933.7
4 0.532 0.152 19.16 1.301 88.85 7.474E-03 11888.4
5 0.532 0.148 16.43 1.532 80.37 8.570E-03 9378.4
6 0.527 0.151 19.30 1.289 91.55 7.356E-03 12445.4
7 0.521 0.140 17.22 1.515 96.12 8.016E-03 11990.7
AVERAGES 0.529 0.150 18.637 1.392 89.39 7.875E-03 11414.1
1 0.521 0.260 21.07 1.734 68.20 4.260E-03 16010.1
2 0.531 0.268 22.71 1.645 67.88 4.166E-03 16296.3
3 0.527 0.265 19.06 1.376 58.71 3.445E-03 17040.9
4 0.529 0.271 20.79 1.391 61.01 3.562E-03 17127.8
5 0.529 0.271 21.30 1.349 62.50 3.454E-03 18094.3
6 0.519 0.258 20.42 1.608 67.39 3.920E-03 17190.2
7 0.532 0.262 22.25 1.737 69.46 4.300E-03 16152.9
8 0.526 0.265 19.01 1.353 58.67 3.388E-03 17318.0
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Table 25  ASTM D-790 Testing on Si Infiltrated SiC (courtesy of D. Bourell and S. 
Barrow) 
P ar t  
Descr ipt ion #
Flex  
St rength  
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Appendix 4 Int’l I2P Presentation 
The International Idea to Product Competition was held on Nov. 7&8, 
2003.  Donnie Vanelli and the author prepared the following presentation based 
ontheir entry in the local competition and additional industry research and 
interviews.  They were awarded second place.  
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Appendix 5 Shirley Murphy Business Plan Comp. - 
Presentation    
The following presentation was prepared for the final round of the Shirley 
Murphy Business Plan Competition, at the University of North Texas November 13 
, 2003.  The work was based on work done for the Venture Creation Course 
during Spring of 2003 and on the Local Idea to Product entry also prepared by 
Donnie Vanelli and the author.  This business plan was selected as one of four 
entries for the final round.  The final round consisted of a presentation in front of 
Dallas-area business leaders.  Donnie Vanelli and the author prepared it based on 
the business plan submitted, and shown above.  Chris Schaefer, an undergraduate 
mechanical engineering student added some additional research, customer 
interviews and edits.  The three members of the team were all engineering majors 
and were awarded the first prize (and $25,000) in the competition.  
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Margin 21.84% 61.77% 1.75% 25.80%
Profit per Build 4,371.28$    12,365.81$ 351.02$      5,164.82$    
Product Price 1,500.00$    1,500.00$   1,500.00$   1,500.00$    
Mfg. Cost (/ Part) 1,172.44$    573.38$      1,473.70$   1,112.98$    
Mfg. Cost ($/ build) 15,646.28$  7,651.75$   19,666.55$ 14,852.74$  
Base Materials ($/build) 9,022.57$    132.30$      13,042.83$ 7,333.29$    
Setup ($/build) 565.00$      565.00$      565.00$      565.00$       
SLS Procs. ($/build) 5,625.00$    5,625.00$   5,625.00$   5,625.00$    
Infil. Matl's ($/part) -$             7.12$          -$             7.12$           
Infil./ Curing ($/ part) -$             60.00$        -$             60.00$         
Post Processing ($/part) 32.50$        32.50$        32.50$        32.50$         
Part Vol. 64 64 64 64
Spacing Envelope Vol. 467 467 467 467
Pwdr./ Part 7.296875 7.296875 7.296875 7.296875




DCPD (hours/ part) 0.5 0.5
Oven (hours/ part) 1 1
Hand work (hrs/ part) 0.5 0.5 0.5 0.5
CNC/ mach (hrs/ part) 0.25 0.25 0.25 0.25
Packaging ($/part) 2.50$          2.50$          2.50$          2.50$            
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Base Mater ia l Cons t .
Cost ($/in^3) 1.06$          0.02$          1.54$          0.86$           
TOTAL FRACT. 100% 100% 100% 100%
Phenolic 10% 10%
SiC (280 Grit) 0%














In f ilt ran t  Cons t .
Cost ($/in^3) -$            0.11$          -$            0.11$           







SLS P rocess DTM 2000 2500 VanguardHS
Build Speed (in/hr) 0.2





Extra Powder Volume 2262.73211  
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In f ilt ran t  Cos t Cost/in^3 Density Part Fill % Price/lb.
DCPD 0.11$           1.6 50% 3.85$           
Si 0.12$           3.2 50% 2.00$           
Al-Si 0.56$           2.8 50% 11.00$         
Ductile Iron 0.41$           7.6 50% 3.00$           
Bronze 0.33$           6 50% 3.00$           
Red Wax 0.01$           1.2 50% 0.25$           
P rocess ing Fees
Engineering/ Setup 500.00$       
Material Processing 65.00$         
Furnace Setup 100.00$       
Furnace (/hr) 35.00$         
SLS (/hr) 75.00$         
Hand Work (/hr) 35.00$         
CNC Milling (/hr) 50.00$         
DCPD Infiltration (/hr) 50.00$         
Oven Processing (/hr) 35.00$         
Packaging Costs (/unit) 25.00$         
Mater ia l 
Calcu la t ion s Cost/in^3 Bulk Density Pwdr. Dens. Price/lb.
Phenolic 0.03$           1.3 40% 1.80$           
SiC (280 Grit) 0.07$           3.2 50% 1.20$           
Potters Glass (Size ?) 0.01$           2.5 60% 0.25$           
Alumina (34-54micron) 0.96$           3.965 50% 13.34$         
TiC (-325 mesh) 2.57$           4.93 50% 28.90$         
WC (-325 mesh) 11.23$         15.63 50% 39.76$         
Windform GF 1.54$           1.7 50% 50.00$         
Windform Pro -$             
Windform Pro B -$             
Castex 1.0 -$             
Castex 2.0 -$             
Pebax -$             
Duraform 1.06$           0.98 50% 60.00$         
Duraform GF 1.82$           1.68 50% 60.00$         
Castform -$             
ST-200 -$              
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